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I .  INTRODUCTION 


A  variety  of  advanced  heat  engines  are  under  development  (Table  1) ;  these 
engines  are  either  displacement  engines  or  gas  turbine  engines.  The  charac¬ 
teristics  of  the  advanced  displacement  engines  are  shown  in  Table  2.  Also 
shown  in  Table  2  is  a  list  of  the  critical  mechanical  components  and  their 
operating  conditions.  A  similar  table  for  gas  turbine  engines  Is  shown  In 
Table  3.  A  review  of  the  component  operating  conditions  (Table  4)  shows  that 
temperatures  far  above  those  normally  encountered  In  engine  applications  are 
anticipated.  In  addition,  other  constraints  must  be  recognized.  These  are 

also  listed  In  Table  4.  The  most  difficult  constraint  Is  the  large  number  of 
8  10 

sliding  cycles  (10  to  10  )  encountered.  Under  such  conditions,  some  method 
of  lubricant  resupply  will  undoubtedly  be  required  since  the  limit  without 
such  resupply  Is  10^  to  10^  sliding  cycles.  If  fluids  are  used  above  600*F 
(316“C),  some  system  must  be  devised  which  prevents  lubricant  deterioration. 
If  solids  are  used  as  lubricants,  some  lubricant  resupply  technique  must  be 
developed. 

The  rlng-llner  applications  are  the  moat  severe  since  they  have  both  high 
temperatures  and  a  large  number  of  sliding  cycles.  In  addition,  the  geome¬ 
tries  are  such  that  effective  lubrication  Is  difficult  to  achieve.  The 
objective  of  this  report  Is  to  explore  and  evaluate  various  hlgh-temperature 
lubrication  systems  (lubricants,  materials,  and  lubricant  supply  systems)  for 
high-temperature  ring-liner  applications. 

In  this  study,  a  review  of  technical  literature  was  conducted  to  identify 
potential  lubricant  delivery  systems.  A  number  of  different  systems  were 
identified;  these  are  described  In  Table  5.  Each  of  these  systems  was  evalu¬ 
ated  for  rlng-llner  applications.  The  best  materials  and  lubricants  are 
chosen  for  each  system.  The  advantages  and  disadvantages  of  each  system  are 
discussed  and  estimates  made  for  friction  and  wear.  These  are  then  compared 
with  the  requirements  for  the  engine.  A  selection  Is  made  of  those  systems 
which  hold  the  greatest  promise  for  future  development  and  recommendations 
made  as  to  what  form  that  development  should  take. 


TABLE  1.  ADVANCED  HEAT  ENGINES 


DISPLACEMENT  ENGINES 


Adiabatic  Diesel,  Heavy-Duty 
Adiabatic  Diesel,  Light-Duty 
Minimum  Friction  Adiabatic  Diesel  (Military) 
Rotary  Advanced  Automotive 
Rotary  Military 
Rotary  General  Aviation 
Rotary  Adiabatic 
Stirling  Automotive 
Stirling  Free  Piston 
Spark  Ignition  LD  Automotive 
Spark  Ignition  LD  Commercial 
Stirling  Space  Power 


GAS  TURBINE 


Aircraft  Turbojets  and  Fan- Jets 
Propjets,  Turboshafts  (HELD) 
Limited  Life  (RPV's,  Cruise  Missile) 
Military  Ground  Vehicles 
Heavy-Duty  Vehicles  (Off  Road) 
Light-Duty  AIG  (Automotive) 
Power  Boost  Energy  Recovery 
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TABLE  3.  ADVANCED  GAS  TURBINES 


ADVANCED  GAS  TURBINE  (CONT'D) 


FOR  AIRCRAFT 

UNITED  UFE 
IRPV'S, 

CRUISE  MISSIUI 

ill:* 

?■  g 

1$  S  1  1  1  o  1  1 

9  i 

PROPJETS.  TURBO- 
SHAn  IHEUCOPTERS, 
GENERAL  AVUTIONI 

MfltLnDA 

Hriil 

?s 

S  <s 

Ml  « 

c  S 

S3 

z 

5 

s 

Z 

O 

V  ^  B  B  ^ 

TURBOJETS  FANJETS 

liiiiLTin 

a  S 

o  g 

Ipiil 

a' 

<9 

a 

z 

o 

%  ^  B  B  ^ 

1^ 

0 

<C 

TABLE  4.  COMPONENTS  FOR  POTENTIAL  SOLID  LUBRICATION 
IN  HIGH-TEMPERATURE  DIESEL  ENGINES 


Components 

Temp,  *F 

Other  Constraints 

Ring/Liners 

600-1100 

10®  to  10^  Sliding  Cyc 

Valve/Guldes 

800-1200 

— 

Tappets 

700-800 

1300  lb  Load 

Cams 

350-400 

350,000  psl 

Rolling  Contact  Bearings 

500-1200 

3  X  10^  DN 

Sliding  Bearings 

500-1200 

— 

Splines 

1000-1200 

Lubrication  Methodology 

Gears 

300-600 

Lubrication  Methodology 

TABLE  5.  HIGH-TEMPERATURE  LUBRICATION  SYSTEMS 


System 

Description 

1. 

Unlubricated 

Piston  ring  and  liner  materials  are  chosen  which 
will  meet  friction  and  life  requirements  without 
being  lubricated. 

2. 

Solid-Film 

Lubricant 

Lubricating  films  are  originally  applied  to  ring  and 
liner  materials  but  do  not  require  resupply. 

3. 

Composite 

Materials 

Materials  are  used  which  contain  lubricants  to 
reduce  friction,  wear,  and  surface  damage. 

4. 

Synthetic 

Lubricants 

Conventional  hydrocarbons  are  replaced  by  more 
stable  high-temperature  synthetic  fluids  along  with 
high-temperature  materials.  Current  lubricant 
delivery  techniques  are  used. 

5. 

Decomposed 

Fluid 

A  once  through  lubrication  system  provides  a  fluid 
lubricant  to  a  hot  surface.  The  decomposing  fluid, 
both  liquid  and  solid,  is  an  adequate  lubricant. 

6. 

Liquid-Carried 

Suspension 

A  liquid  is  used  in  either  a  "once  through"  or 
recirculating  lubricant  which  contains  a  solid 
lubricant  or  the  ingredients  of  a  solid  lubricant  in 
suspension.  Evaporation  or  decomposition  of  the 

liquid  at  operating  temperatures  deposits  the  solid 
lubricant. 

7. 

Gas-Carried 

Suspension 

Similar  to  "6"  except  that  a  gas  is  used  as  the 
carrier. 

8. 

Reactive 

Gases 

A  gas  is  supplied  to  the  component  which  reacts  with 
the  surface  to  form  a  lubricating  film. 

9. 

Stick  Trans¬ 
fer  Films 

A  solid  stick  of  lubricant  is  rubbed  against  a  sur¬ 
face  to  supply  a  lubricant  film. 

10. 

Sacrificial 

Stick  System 

A  stick  of  solid  lubricant  is  Inserted  into  or 
placed  adjacent  to  a  ring  or  bearing  surface.  As  the 
bearing  surface  wears,  lubricant  is  supplied. 

II.  RING-LINER  LUBRICATION  REQUIREMENTS 

Current  diesel  engines  usually  consist  of  water-cooled  cast  Iron  liners  with 
steel  piston  rings  which  can  be  coated  i^lth  chrome  or  molybdenum  for  hlgh- 
temperature  application.  The  rings  are  either  compression  rings  which  seal 
the  hot  gases  or  oil  control  rings  which  seal  the  lubricating  oils  and  dis¬ 
tribute  It  over  the  circumference  of  the  liner.  Although  the  number  of  rings 
Is  a  function  of  the  combustion  pressure.  In  most  cases  the  rings  consist  of 
two  or  three  compression  rings  and  one  oil  control  ring.  A  wide  variety  of 
designs  are  possible,  depending  upon  the  engine  In  question. 

Current  lubricant  delivery  systems  consist  of  oil  from  the  crankcase  being 
supplied  to  the  liner  wall  via  throw-off  from  the  crankshaft  and  piston  pin 
or  by  spray  jets  on  the  connecting  rods.  This  oil  supply  Is  provided  per 
cycle  which  both  cools  and  lubricates  the  contacting  surfaces. 


Studies  have  been  made  to  define  the  type  of  lubrication  which  exists  at  each 
rlng-llner  position. O-^)*  Although  a  complete  description  Is  still  not 
available.  It  seems  that  fluid  film  or  mixed  lubrication  exist  at  all  posi¬ 
tions  except  top  dead  center  and  bottom  dead  center;  here  boundary  lubri¬ 
cation  prevails  with  one  exception.  At  top  dead  center  and  bottom  dead 
center,  squeeze  film  lubrication  exists  for  a  brief  interval  while  the  lubri¬ 
cant  flows  from  the  ring/liner  Interfaces.  The  highest  wear  and  friction 
occurs  Immediately  after  top  dead  center  since  the  pressures  are  the  highest 
and  the  piston  forces  pulling  the  rings  down  tend  to  cock  the  rings  to  a 
position  unfavorable  to  fluid  film  lubrication.  Conditions  are  also  most 
severe  at  top  dead  center  where  temperatures  and  ring  pressures  are  the 
highest. 


Ting  (2^)  has  studied  the  wear  and  lubrication  of  piston  rings  and  provided 
the  following  Information  which  can  be  used  In  a  general  way  for  rlng-llner 
design  studies.  Average  ring  contact  pressures  are  approximately  300  psl, 
being  the  sum  of  the  gas  forces  behind  the  ring,  the  ring  elastic  tension, 
hydrodynamic  forces  acting  at  the  rlng-llner  Interface,  and  the  piston  side 

*  Underscored  numbers  In  parentheses  refer  to  the  list  of  references  at  the 
end  of  this  report. 
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thrust.  At  top  dead  center,  the  top  ring  will  reach  a  pressure  of  approxi¬ 
mately  1000  psi  which  exists  over  10  percent  of  the  cycle.  Friction  coeffi¬ 
cient  varies  based  upon  the  type  of  lubrication.  Where  boundary  lubrication 
exists  at  TDC,  the  friction  coefficient,  f,  is  approximately  0.08;  in  other 
areas,  an  average  value  of  f  »  0.04  can  be  assumed.  Ting  also  determined 
typical  wear  coefficients  for  truck  diesel  engines: 

K*  -  8  X  10“^^  (1) 

This  is  an  extremely  low  value  and  confirms  that  mixed  film  lubrication 
exists  during  most  of  the  cycle.  It  is  this  mixed  film  lubrication  which 
provides  the  long  wear  life  in  current  engines.  Liner  wear  is  the  most 
critical  since  the  rings  are  designed  to  expand.  When  the  liner  wear  reaches 
a  value  of  0.002  in.,  performance  begins  to  degrade  so  this  value  may  be 
taken  as  a  design  limit.  As  a  minimum  design  limit,  2  mils  wear  in  a  400- 
hour  duty  cycle  may  be  selected.  This  400-hour  life  is  a  minimum  value  based 
on  the  requirement  to  complete  the  NATO  mission-profile  cycle  during  accep¬ 
tance  testing. 

Typical  ring-liner  operating  conditions  can  be  based  upon  a  typical  military 
diesel,  the  Cummins  VT-903TA.  A  5.5-in.  bore  and  4.75-in,  stroke  piston 
operating  at  a  speed  of  2600  rpm  was  selected  as  typical  for  the  comparison 
of  the  various  lubrication  schemes.  This  gives  an  average  value  of  velocity 
of  2058  ft/min. 

A  typical  design  of  a  lubricated  and  unlubricated  (6)  piston  is  shown  in 
Figure  1.  Some  critical  dimensions  are  also  shown.  It  should  be  noted  that 
unlubricated  compressors  use  wider  rings  (3X)  so  pressures  are  reduced  by  at 
least  one  third.  In  addition,  a  large  wear  ring  is  included  to  take  the 
piston  side  loads  and  the  weight  of  the  piston.  Ring  pressures  on  the  wear 
ring  are  normally  in  the  5-  to  10-psl  range. 

*  This  is  the  dimensionless  wear  coefficient  based  on  arterial  hardness  of 
400  Brinell.  K  is  determined  from  the  equation  K  -  -_■«  where  h  is  depth 
of  wear;  H  is  the  hardness  of  the  wearing  material;  P,  pressure;  V,  veloc¬ 
ity;  and  t  is  time. 
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LUBRICATED  UNLUBRICATED 


FIGURE  1.  COMPARISON  OF  PISTON  CONFIGURATIONS  BASED  ON 


PRESENCE  OF  LUBRICATION  (REF  6) 


The  primary  question  considered  In  this  study  was  which  of  the  13  lubrication 
schemes  most  nearly  meet  the  engine  requirements  using  the  typical  design 
parameters  previously  suggested.  Four  factors  must  be  considered: 


1.  Rlng-llner  friction 

2.  Friction-generated  Interface  temperatures 

3.  Wear 

4.  Rlng-llner  surface  damage  from  sliding 


These  are  discussed  In  more  detail  In  the  following  subsections: 


1. 


Friction 


Average  friction  coefficients  reported  for  Internal  combustion  engines  gener¬ 
ally  fall  in  the  range  of  0.02  to  0.04.  Any  Increase  in  this  value  will 
result  in  a  loss  of  engine  efficiency  and  reduce  any  fuel  consumption  bene¬ 
fits  gained  by  reducing  the  heat  losses  from  the  engine.  The  importance  of 
this  friction  coefficient  should  not  be  underestimated.  Such  low  values  of 
friction  are  characteristic  of  partial  fluid  film  lubrication.  For  boundary 
lubrication  where  there  is  no  fluid  film  effects,  values  of  0.09  to  0.12  may 
be  expected.  For  lubrication  with  solids,  values  usually  range  from  0.03  to 
0.15;  however,  values  of  0.09  to  0.12  are  usually  found.  Values  below  these 
are  usually  obtained  from  experiments  conducted  at  very  high  pressures 
(100,000  psl) .  Thus,  It  can  be  concluded  that  partial  fluid  film  friction 
values  of  0.04  will  be  difficult  to  achieve  under  any  form  of  dry,  boundary, 
or  solid-film  lubrication.  These  higher  friction  values  will  not  only  reduce 
the  engine  efficiency,  but  also  increase  ring  temperatures  and  surface  stres¬ 
ses  which  will  Increase  surface  damage  possibilities. 

Two  conclusions  can  be  drawn  from  this  discussion: 

1.  Every  effort  should  be  made  to  find  materials  and  operating  condi¬ 
tions  which  yield  solid  friction  values  below  0.10. 

2.  Every  effort  should  be  made  to  provide  some  degree  of  fluid  or  gas 
film  lubrication  to  further  reduce  friction  and  wear. 

2.  Interface  Temperatures 

High  friction  is  not  only  Important  from  an  efficiency  standpoint,  but  also 
from  a  temperature  standpoint.  Sliding  interface  temperatures  are  directly 
proportional  to  friction  coefficients.  If  a  dry  system  is  used,  friction 
coefficient  will  Increase;  in  addition,  the  cooling  effects  of  the  oil  will 
be  lost.  Fortunately,  with  appropriate  materials,  higher  temperatures  can  be 
tolerated.  However,  limits  would  have  to  be  Imposed  to  prevent  destruction 
of  the  lubricant  or  damaging  the  surfaces.  Temperature  predictions  for  non- 
uniform  geometries  are  exceedingly  complex;  however,  some  estimates  for 


comparative  purposes  can  be  made  using  a  simple  linear  heat  flow  model  of 
Figure  2.  If  the  temperature  at  the  point  of  maximum  velocity  is  determined, 
all  the  heat  flow  is  considered  to  enter  the  liner  (not  a  bad  assumption 
since  the  piston  is  heated  and  the  rings  are  in  poor  thermal  contact  with  the 
liner)  and  is  maintained  at  room  temperature  then. 


T_,  -  T  -AT 
i  o 


fPVl 

K 


(2) 


where  =  Liner  surface  temperature 

T  »  Base  temperature  (cooled  wall) 
o 

f  =  Friction  coefficient 
P  =  Pressure  at  ring-liner  interface 
V  =«  Velocity 

1  =  Thickness  of  liner  wall 

K  =  Conductivity 

however,  since  the  ring  Is  only  supplying  heat  to  the  maximum  velocity  point, 
approximately  one-fortieth  of  the  stroke  time  and  three  rings  are  being 
considered 


AT 


3fPVl 


(3) 


The  following  listing  shows  Increases  in  interface  temperatures  above  the 
room  temperature  as  a  function  of  coefficient  of  friction  and  thermal  con¬ 
ductivity. 


_f _ 

AT  Metal,  “F  (‘C) 

AT  Ceramic,  “F  ( 

1.0 

2A60  (13A9) 

2A600  (136A9) 

0.50 

1230  (666) 

12300  (6816) 

0.25 

615  (32A) 

6150  (3399) 

0.10 

2A6  (119) 

2A60  (13A9) 

O.OA 

98  (37) 

980  (527) 
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Although  a  much  better  analysis  of  ring-liner  temperatures  is  required,  this 
analysis  Illustrates  again  the  Importance  of  friction  control  or  choosing 
materials  which  will  withstand  the  Indicated  temperature  rise.  Particularly 
suspect  will  be  completely  unlubricated  systems  where  values  of  friction  of 
0.50  to  1.00  are  expected. 

3.  Wear 

If  adequate  friction  can  be  maintained  over  a  life  of  400  hours,  then  due 
consideration  must  be  given  to  the  wear  which  takes  place.  It  has  been  shown 
(_7)  that  system  comparisons  can  be  made  if  one  calculates  a  desired  wear 
coefficient,  K*,  for  the  application  and  compares  this  with  the  values 
derived  In  bench  test  or  similar  applications.  The  wear  equation  Is  used: 


where  K  •  Dimensionless  wear  coefficient 


h  »  Depth  of  wear 
p  •  Pressure 
V  “  Velocity 
t  -  Time 

d  •  Sliding  distance 
H  >  Hardness 

As  Ting  (^)  has  shown,  this  equation  can  be  applied  effectively  to  rlng-llner 
applications  by  summing  the  pressure  on  all  rings  and  calling  wear  zero  when 
the  calculated  film  thickness  Is  greater  than  the  composite  surface  roughness 
(50  pin.  was  chosen).  Without  fluid  film  lubrication,  Equation  4  can  be  used 
directly  as  follows: 


K* 


hH 

pVt 


where  h  liner 
h  ring 
H  metal 
H  ceramic 
V  average 


»  0.002  In.  (wear  limit) 

=  0.020  In.  (wear  limit) 

=  600  brlnell  *  0.8  x  10^  pal 
“  3000  Vickers  ■  4.3  x  10^  psl 
»  2058  ft/mln. 


t  =  400  hours 

Number  of  wearlnj;  rings  •  3 


(5) 


Using  these  values,  the  following  K*  values  can  be  determined 


Metal/metal  combinations 
Ceramlc/ceramlc  combinations 


K* 

Liner  Wear 
0.30  X  lO"® 

1.6  X  lo"® 


K* 

Ring  Wear 
8.9  X  lo'® 
48  X  lo"' 


To  be  acceptable,  a  lubrlcant/materlal  combination  must  be  found  whose 
K  >  K*.  For  oil  lubrication  under  boundary  lubrication  conditions,  Rowe 
reports  K  values  for  metals  from  0.1  to  20  x  10  .  Since  0.1  x  10  is  lower 

than  any  needed  K*,  It  may  be  concluded  that  complete  boundary  lubrication 
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would  be  acceptable;  however,  K  values  must  be  located  for  the  dry  and  solid 
lubricated  systems  to  evaluate  their  potential  for  this  application. 


If  a  smooth  conforming  piston  and  liner  were  used  Instead  of  rings,  then  the 
pressure  would  be  reduced  and  wear  depth  would  be  considerably  reduced. 
Assuming  a  piston  thrust  load  of  400  lb,  then  the  following  wear  coefficients 
would  be  required  based  on  a  given  wear  limit  In  400  hours: 

Wear  Limits  (Inches)  Required  Wear  Coefficient  (K*) 


0.0020 

88 

X 

00 

1 

o 

0.0010 

41 

X 

00 

1 

o 

0.0005 

21 

X 

io‘® 

0.0002 

00 

00 

X 

00 

1 

o 

0.0001 

4.4 

X 

00 

1 

o 

The  amount  of  wear  which  could  be  tolerated  would  be  determined  by  the  amount 
of  leakage.  Since  the  leakage  Increases  with  the  cube  of  the  clearance,  it 
must  be  held  to  an  absolute  minimum;  thus 

•"8 

K  <  K*  ~  5  X  10  for  the  ringless  system 

much  higher  wear  coefficients  could  be  tolerated  If  the  piston  radial  thrust 
loads  could  be  reduced. 

4.  Surface  Damage 

In  current  engines,  final  finishes  of  20  to  30  pin.  are  used.  l>irlng  effec¬ 
tive  boundary  lubrication,  polishing  occurs  and  finishes  are  reduced  to 
values  of  4  to  8  pin.  This  polishing  promotes  fluid  film  lubrication  and  If 
It  occurs,  the  friction  coefficient  Is  reduced  from  values  of  0.10  to  values 
between  0.10  and  0.01.  This  polishing  Is  also  necessary  to  provide  effective 
sealing.  In  unlubricated,  boundary  lubricated,  and  solid  lubricated,  pol¬ 
ishing  may  not  occur.  In  fact,  data  show  that  roughening  can  occur  for  a 
variety  of  reasons.  Unfortunately,  a  definite  limit  cannot  be  placed  on 


allowable  surface  roughness  nor  a  direct  correlation  established  between 
roughness  and  leakage.  Rather  It  is  a  factor  to  consider  when  selecting 
material  combinations,  and  such  data  should  be  reported  where  possible  combi¬ 
nations  are  being  evaluated. 

5.  Summary 

From  the  preceding  discussion,  it  can  be  concluded  that  the  following  cri¬ 
teria  can  be  used  to  evaluate  the  potential  of  various  lubricating  systems 
for  ring-liner  applications. 

1.  Does  it  yield  friction  coefficient  values  less  than  0.10,  prefer¬ 
ably  0.04  to  0.06? 

2.  Is  it  capable  of  sustaining  a  temperature  rise  of  25*F  for  each 
0.01  value  of  its  friction  coefficient  for  metals  and  250“F  for 
ceramics? 

3.  Will  the  lubrication  system  provide  wear  coefficients  of  approxl- 

—8 

mately  10  or  less? 

4.  Will  the  sliding  process  damage  the  surface  so  that  the  resulting 
finish  allows  excessive  leakage? 

Using  these  criteria,  the  various  systems  (Table  5)  are  evaluated  in  the 
following  section. 

III.  EVALUATION  OF  LUBRICATION  SYSTEMS 

To  evaluate  the  various  lubricating  systems,  data  have  been  accumulated  from 
the  literature  on  the  friction,  wear,  and  surface  damage  of  metal  and  ceramic 
couples  with  various  types  of  lubrication.  These  data  are  applied  to  the 
ring-liner  applications  in  the  following  paragraphs. 


1.  Unlubrtcated  Systems 


In  the  past  40  years,  extensive  data  have  been  accvanulated  on  the  frictional 
behavior  of  various  types  of  material  combinations  under  a  variety  of  condi¬ 
tions.  Some  selected  data  are  shown  In  Table  6,  which  gives  the  friction 
coefficient  and  wear  rates  of  materials  sliding  against  themselves  at  room 
and  elevated  temperatures. 

From  these  data,  some  general  trends  can  be  noted.  Pure  ceramic  materials 
give  high  friction  and  high  wear  at  both  high  and  low  temperatures.  The 
lowest  values  of  friction  are  about  0.25  for  TIB^*  Metal-bonded  ceramics 
give  lower  friction,  wear,  and  surface  damage  than  ceramics  because  of  sever¬ 
al  factors:  the  metal  can  act  like  a  lubricant  for  the  carbide  grains;  they 
are  softer  and  flow  to  mitigate  stresses  rather  than  fracture;  and  oxides  can 
form  which  prevent  adhesive  wear.  Certain  oxides  are  soft  and  can  act  as 
solid  lubricants. 

Tool  steels  have  the  best  sliding  characteristics  for  operation  to  1000“F 
(SBa^C);  however,  they  also  yield  high  friction  and  wear  when  unlubricated. 
Generally  speaking,  the  friction  and  wear  properties  of  metals  are  controlled 
by  the  nature  of  the  friction-generated  oxide  films.  If  such  films  are  not 
formed,  high  friction,  wear,  and  surface  damage  will  result  [see,  for 
example,  1650  at  80®F  (27®C)].  The  best  results  are  found  with  hard  materi¬ 
als  that  form  soft  lubricating  oxides.  Those  materials  that  form  soft  oxides 
contain  alloying  elements  of  molybdenum,  tungsten,  copper,  cobalt,  boron,  or 
vanadium. 

Obviously,  the  best  results  will  be  found  for  metal-bonded  carbides  contain¬ 
ing  metals  which  form  lubricating  oxides  and  low  friction  carbides.  K161B  Is 
such  a  material  since  it  is  TIC  with  a  nickel  molybdenum  binder.  For  unlu- 
brlcated  sliding,  primary  consideration  should  be  given  to  such  materials. 
Unfortunately,  they  have  higher  values  of  thermal  conductivity  than  ceramics. 
If  they  are  used  In  adiabatic  engines,  alternative  insulating  schemes  must  be 


devised . 


TABLE  6.  FRICTION  AND  WEAR  BEHAVIOR  OF  UNLUBRICATED  MATERIALS 


“In’S 


RSSSS 


Material 

Combination 


T.  °F(°C)  H,  kg/mm 


AL203 

800(427) 

3.07 

X 

10 

400(204) 

1.5 

X 

10  ^ 

PSZ 

800(427) 

4.4 

X 

1 

0 

400(204) 

5.7 

X 

0 

1 

SIC 

800(427) 

12 

X 

1 

0 

400(204) 

3.7 

X 

10-' 

AL203 

1600(871) 

— 

800(427) 

— 

ZrO^ 

1600(871) 

— 

800(427) 

— 

TIC 

1600(871) 

— 

800(427) 

— 

TIB2 

1600(871) 

— 

800(427) 

— 

Cemented  Oxide 

1600(871) 

— 

800(427) 

3000 

6.7 

X 

10-"^ 

K161B 

1600(871) 

3 

X 

10-5 

80(27) 

1400 

3 

X 

0 

1 

C608 

1600(871) 

5.6 

X 

1 

0 

80(27) 

1200 

7.8 

X 

10-' 

M2 

1000(538) 

300 

0.40 

X 

10-^ 

80(27) 

580 

0.45 

X 

10-^ 

S6 

1200(649) 

— 

3.4 

X 

10-^ 

400(204) 

500 

0.9 

X 

10-' 

1650 

1600(871) 

— 

0.67 

X 

10-4 

5^ 


The  values  reported  In  Table  6  are  for  cleaned  surfaces.  Much  lower  values 
of  friction  for  ceramic  combinations  are  often  reported  in  the  literature. 
These  low  friction  values  are  due  to  contamination  which  is  strongly  bonded 
to  the  surface  or  contained  in  the  surface  pores.  Murray  (13),  for  example, 
found  a  friction  coefficient  of  0.09  for  Al^O^  sliding  against  itself  at  room 
temperature  (see  Figure  3).  As  the  temperature  was  increased,  a  point  was 
reached  (250°?) (121®C)  at  which  friction  Increased  to  values  of  0.80  due  to 
removal  or  destruction  of  surface  contaminating  films.  At  this  temperature, 
severe  surface  damage  could  result. 


50  100  150  100  50 

TEMPERATURE,  °C 


FIGURE  3.  EFFECT  OF  TEMPERATURE  ON  THE  COEFFICIENT  OF  FRICTION 
FOR  COLD-PRESSED  Al^O^  USING  DIFFERENT  SURFACE  GEOMETRIES 


This  point  has  also  been  demonstrated  in  other  studies. (14-16)  These  con¬ 
taminate  films  may  be  either  fluid  or  solid  and  arise  from  either  handling 
or  processing.  Upon  cooling,  friction  may  return  to  the  original  low  value 
if  the  source  of  contamination  remains  and  if  the  surfaces  are  not  damaged 
during  the  high  friction  sliding.  Softer  materials  such  as  metals  are  not  as 
sensitive  to  contamination  since  any  contaminants  are  more  readily  destroyed 
during  the  sliding  process.  The  point  being  made  is  that  unlubricated 
sliding  of  high- temperature  materials  almost  always  gives  high  friction  and 


wear;  the  low  values  often  reported  In  the  literature  are  for  contaminated 
surfaces  which  will  not  be  sustained  at  high  temperatures  or  for  long  periods 
of  time.  There  are  two  exceptions: 

1.  If  the  ceramic  contains  a  soft  phase  which  can  act  as  a  lubricant, 
lower  friction  will  result.  Note  the  lower  friction  for  the  metal- 
bonded  carbides  in  Table  2. 

2.  If  soft  surface  reaction  or  Interaction  films  are  formed  on  high- 
temperature  materials,  lower  friction  can  result.  Note  the  lower 
friction  with  oxidizing  materials  at  high  temperatures  (Table  2). 

Without  these  exceptions,  the  following  friction  coefficients  apply 

Unlubricated  ceramics  0.60  -  1.00 

Unlubricated  cermets  0.20  -  0.50 

Unlubricated  metals  0.40  -  1.80 

In  comparing  the  Table  6  data  with  the  friction  (f  <  0.10)  and  wear  (K  = 
*-8 

10  )  requirements,  it  is  clear  that  unlubricated  systems  are  far  from  satis¬ 

factory  and  some  lubricant  scheme  must  be  developed. 

Fortunately  a  very  simple  lubrication  scheme  may  suffice.  For  example,  for 
alumina  sliding  against  Itself  in  water.  Church  (17)  measured  wear  rates  of 
2.8  X  10  while  Wallbrldge  (1^)  reported  1  x  10  under  much  lower  loads. 
Ceramic  materials  are  effectively  lubricated  with  what  would  normally  be 
considered  Ineffective  lubricants.  Diesel  fuel  (17)  gave  a  wear  coefficient 
of  2.4  X  10  .  Ceramics  are  high-energy  surfaces  and  will  readily  adsorb 

lubricating  films.  However,  such  lubrication  system  must  be  planned  so  that 
a  specified  lubricant  is  delivered  at  the  needed  rate  to  all  the  required 
locations  in  the  piston  liner  area.  These  lubricants  are  discussed  in  later 
sections . 


2. 


Solid-Film  Lubrication 


Thin  solid  films  are  often  applied  to  lubricate  surfaces  especially  at  high 
temperatures.  These  films  currently  consist  of  molybdenum  disulfide, 
TeflonfS,  graphite,  or  other  lubricants  In  either  a  metal  or  polymer  binder; 
they  also  contain  other  additives  for  specific  purposes.  Current  commercial 
materials  are  useful  up  to  approximately  500*0,  but  higher  temperature  films 
have  been  developed  and  used . (19)  Friction  coefficients  are  usually  in  the 
range  of  0.08  to  0.12  so  they  approach  the  desired  values.  Wear  lives  of 
some  commercially  available  films  are  shown  In  Figure  4  as  a  function  of 
temperature.  It  should  be  noted  that  the  wear  lives  of  the  films  are  short 
(several  million  cycles  at  best). 

Flnkin  (2^)  has  reviewed  a  wide  variety  of  such  test  results  and  has  con¬ 
cluded  that  the  following  wear  rates  apply  to  bonded  solid  lubricant  films: 


Normal  values 
Best  films 

These  are  mostly  MoS^  films;  however,  they  have  received  a  great  deal  of 
research  attention  and  probably  represent  the  best  that  can  be  eu:hleved  with 
the  film  approach. 


Although  the  best  films  have  adequate  wear  coefficients,  they  apply  to  films 
only  0,0001  Inch  In  thickness.  If  a  3  x  10  wear  coefficient  Is  applied  to 
this  film  thickness,  a  life  of  only  0.12  hours  will  result.  The  Important 
point  being  made  Is  that  the  life  of  such  films  are  about  10  to  20  million 
cycles,  which  are  achieved  In  a  short  time  at  3200  rpm.  Obviously,  some 
method  of  resupply  for  the  solid  film  Is  necessary. 


Composite  Materials 


The  simplest  solid  lubricant  supply  system  Is  a  self-lubrlcatlng  composite 
material.  Here  a  polymer,  metal,  or  ceramic  matrix  contains  a  solid  lubrl- 
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FIGURE  4.  EFFECT  OF  TEMPERATURE  ON  WEAR-LIFE  OF  TYPICAL 
BONDED  LUBRICANT  FILMS  FROM  REFERENCE  21 


cant  which  is  supplied  as  the  polymer  wears.  This  wearing  of  the  material  to 
provide  sufficient  lubricant  Is  a  serious  limitation  since  It  Is  wear  that 
one  Is  trying  to  prevent.  However,  If  adequate  rates  are  achieved  to  meet 
ring  or  liner  requirements,  then  such  materials  can  be  used.  Wear  rates 
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reported  In  the  literature  on  some  typical  materials  measured  under  different 
operating  conditions  are  listed  In  Table  7. 


TABLE  7.  TYPICAL  WEAR  RATES  OF  SELF-LUBRICATING  COMPOSITES 


Material 


K  X  10 


Reference 


Filled  Teflons 
Acetals 
Polyesters 
Pol yim Ides 


70-600 


20-150 


Polyamlde-lmlde 
Metal  Matrix 

Ag/Cu/MoS^ 

Cb/Mo/MoS^ 

Ag/Graphite  Fibers 
Cu/WS^ 

Porous  Stainless/Glass 
Carbon  Graphites 


550-240 

90-900 


2-1500  X  10 


Polymer  materials  developed  to  date  are  probably  limited  to  temperatures  In 
the  700*  to  800*F  (371*  to  427®C)  range  so  they  would  be  Inadequate  for 
hlgh-temperature  piston  ring  application.  However,  their  wear  rates  Illus¬ 
trate  the  ultimate  of  what  can  be  achieved  using  this  approach.  At  high 
temperatures,  most  of  the  development  work  has  been  carried  out  with  the 
polylmldes . 
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Lewis  (^)  first  reported  wear  coefficients  of  40  x  10  for  temperatures  up 

to  750®F  (399®C).  While  using  pressures  to  1000  psi,  Jepson  (^)  reported 

somewhat  higher  values.  Coefficients  of  friction  of  approxmately  0.07  were 
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reported.  Martin  and  Murphy  (24)  reported  values  of  20  to  150  x  10  for 

several  polyimide  composites.  Lewis'  results  were  with  graphite,  while 

Martin  and  Murphy  used  a  variety  of  lubricants  and  fillers.  Gllthrow  and 

Lancaster  (25)  added  carbon  fibers  to  polyimldes  and  measured  wear  coeffl- 
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dents  of  18  x  10  which  are  near  the  desired  range.  More  recently,  other 
fiber-filled  composites  have  been  developed  by  NASA  and  Hughes. 

NASA  in  a  series  of  investigations  (26-29)  studied  the  friction  and  wear 

characteristics  of  50/50  mixtures  of  chopped  graphite  fibers  and  a  highly 

crossllnked  addition-type  polyimide.  Wear  rates  in  sliding  and  bearing  tests 

at  room  temperature  and  570°F  (299®C)  gave  similar  wear  coefficients  of  45  x 
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10  .  Friction  coefficients  were  0.10  at  room  temperature  and  .05  at  570“F. 

A  similar  material  has  been  developed  by  Hughes  and  carefully  investigated  by 

Mecklenberg . (28)  Over  a  wide  range  of  conditions,  a  wear  coefficient  of 
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approximately  300  x  10  was  reported.  These  materials  represent  about  the 
limit  of  current  technology  for  high-temperature  applications.  Limited  work 
has  also  been  reported  using  two  other  high-temperature  polymers — polyphe- 
nycllne  sulfide  and  polyamide  imide.  Their  wear  rates  are  also  listed  in 
Table  4.  Friction  coefficients  of  these  materials  are  somewhat  higher 
(0.20) . 

Metal  matrix  materials  offer  greater  promise  for  high  temperature  applica¬ 
tions  but  have  received  far  less  attention.  In  the  1950' s,  NASA  (29)  devel- 
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oped  sllver/copper/MoS2  composites  which  had  wear  coefficients  of  20  x  10  . 

Somewhat  later,  Boeing,  under  Air  Force  sponsorship  (30) ,  developed  a  series 

of  metal  matrix-MoS  compounds  (Fe/Pt,  Fe/Pd,  CbMo)  and  measured  wear  rates 
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of  100  X  10  at  350*^  (177 *C).  Variations  of  these  materials  are  now  com¬ 
mercially  available.  More  recently  the  wear  and  friction  behavior  of  contin¬ 
uous  graphite  fiber  reinforced  copper  and  silver  base  alloys  were  investi¬ 
gated  .  (31  ,32)  With  the  correct  fiber  orientation,  low  wear  rates  (K  *  12  x 
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10  )  were  found.  Other  reported  work  without  wear  measuronents  include 

Cu/WS^  and  Ag/WS^  and  porous  stainless  steel  filled  with  glass  lubricants. 


Carbon-graphites  have  been  widely  used  In  high-temperature  bearing  and  seal 
applications.  They  can  be  considered  as  composites  consisting  of  graphite  in 

a  carbon  matrix.  In  the  Wear  Handbook,  McNab  and  Johnson  (33)  list  wear 
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coefficients  from  2  to  1500  x  10  .  For  seals,  values  of  10  to  100  x  10~ 

are  reported  (34)  depending  upon  the  counterface  material.  Against  high-tem- 
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perature  alloys,  values  of  200  x  10  were  found. (35)  Lancaster  (36)  found 
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values  of  100  x  10  ,  while  Paxton  (37)  gave  K's  of  14  x  10  at  high  veloc¬ 
ity  and  low  pressures.  Some  of  these  values  are  near  the  range  required  to 
achieve  400  hours  of  life;  they  do,  however,  have  some  undesirable  proper¬ 
ties.  They  are  difficult  to  fabricate  into  thin  sections  and  cannot  be 
applied  as  coatings.  Friction  coefficients  below  0.10  are  quite  common,  and 
surface  damage  is  not  a  problem  since  they  polish  under  sliding  conditions. 

Work  on  the  development  of  ceramic  self-lubricating  composites  is  almost 
nonexistent.  The  fabrication  process  for  ceramic  composites  requires  high 
temperatures  which  destroys  any  low-temperature  lubricants  currently  avail¬ 
able.  This  applies  to  either  sintered  or  plasma  spray  processes.  Ceramics 
with  sufficient  porosity  along  with  adequate  strength  are  not  available  for 
infiltration.  Ho  and  Peterson  (36)  attempted  to  develop  ceramic  brake  ma¬ 
terials  using  low  temperature  cements  containing  solid  lubricants  without 
much  success.  However,  the  approach  is  promising  and  further  work  is  justi¬ 
fied  in  order  to  achieve  the  wear  rates  reported  for  polymer  and  metallic 
materials. 

This  brief  review  of  the  tribological  properties  of  self-lubricating  compos¬ 
ites  shows  that  the  approach  may  have  some  potential  for  development.  Fric¬ 
tion  coefficients  are  in  the  correct  range  and,  with  appropriate  materials, 
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wear  coefficients  In  the  range  of  10  to  10  x  10  range  could  be  achieved. 
This  approach  should  be  explored  in  detail,  particularly  as  to  how  such  rings 
could  be  designed. 

New  material  developement  should  begin  with  the  selection  of  the  best  lubri¬ 
cants  in  the  500®  to  lOOO'F  (260®  to  538®C)  range  (PbO,  Graphite  +  Oxides, 
Rhenates).  Metal  and  ceramic  matrixes  should  be  selected  which  are  compat¬ 
ible  with  both  liner  ceramics  and  the  chosen  lubricants.  Probably  the  best 
approach  would  be  co-spraying  so  that  thick  films  (10  to  20  mils)  could  be 
built  up  on  metal  rings.  One  approach  which  has  been  used  is  to  first  spray 


ceramic  coatings  (e.g.,  Cr^O^) ,  which  are  by  nature  somewhat  porous  on  the 
metal  rings,  and  then  to  coat  this  ceramic  with  solid  lubricant  films  by 
spraying  or  bonding,  Murray  (39)  used  this  technique  to  develop  high-temper¬ 
ature  gas-bearing  surfaces.  Another  technique  is  surface  modification  by  ion 
plating  and  Implantation.  Controlled  thickness  ceramic  coatings  can  be  built 
up  on  machine  surfaces  and  implanted  with  lubricating  substances. 

4.  Synthetic  Lubricants 

The  decomposed  fluid  system  approach  to  high-temperature  lubrication  has  been 
called  a  "throwaway  system"  in  which  the  lubricant  is  used  once  and  dis¬ 
carded.  It  is  used  in  high-temperature  metalworking  (40)  and  has  been  stud¬ 
ied  for  sliding  and  rolling  contacts.  The  essence  of  the  approach  is  that  a 
lubricant  film  applied  to  a  hot  surface  requires  a  finite  time  to  decompose. 
During  this  time,  it  provides  effective  lubrication.  Lubrication  is  provided 
by  the  fluid;  a  decomposed  oxidized  film  containing  fluid,  and  a  decomposi¬ 
tion  film. 

The  primary  questions  to  be  answered  concern  the  maximum  temperature  at  which 
the  fluid  will  lubricate  and  how  good  a  lubricant  is  the  decomposition  film, 

Murray  (41)  ran  pin  on  disk  tests  in  a  pot  of  heated  oils  at  low  speeds  and 
loads  and  recorded  the  following  failure  temperatures: 


Petroleum  145’’C 
Di-2-ethylhexyl  sebacate  263'C 
Phosponate  300“C 
Silicate  27l'C 


Cowley  (42)  and  Hopkins  (43)  ran  similar  tests  and  found  that  the  failure 
temperature  depended  upon  the  operating  conditions  and  the  materials.  Higher 
loads  and  speeds  produced  frictional  heating  which  reduced  the  observed 
failure  temperature.  Hopkins  found  a  failure  temperature  of  336*C  for  a 
naphthenic  mineral  oil  and  up  to  385®C  for  an  ester.  From  these  data,  it  can 
be  concluded  that  bulk  fluid  lubrication  will  be  limited  to  temperatures  less 


than  400°C.  Under  these  circumstances,  decomposition  films  are  probably  not 
formed  because  of  limited  oxygen  availability.  Fein  (44)  found  that  friction 
polymer  is  formed  only  at  certain  oxygen  (dissolved)  to  hydrocarbon  ratios. 
If  decomposition  films  are  formed  and  retained  at  the  interface,  then  higher 
temperatures  can  be  achieved.  Buckley  (45)  was  able  to  lubricate  up  to  538®C 
under  the  proper  conditions  using  a  pin  on  disk  apparatus  and  a  nitrogen 
atmosphere. 

Rolling  contact  bearings  have  been  effectively  lubricated  to  temperatures  of 
538°C. (46-48)  In  these  experiments,  cold  oil  droplets  (15  per  min)  were  used 
to  lubricate  a  20-mm  tool  steel  bearing.  With  a  petroleum  fluid,  a  tempera¬ 
ture  of  288“C  was  reached  in  air  and  371“C  In  nitrogen.  With  a  synthetic 
fluid,  the  corresponding  temperatures  are  454“C  and  538“C.  By  adjusting  the 
oil  flow  conditions,  a  temperature  of  454*C  could  be  reached  with  a  1010 
turbine  oil.  Relchenbach  (48)  reported  lower  failure  temperatures  In  higher 
speed  rolling  contacts.  He  also  found  that  an  air  oil  mist  falls  at  a  much 
lower  temperature  which  he  attributed  to  Insufficient  oil  for  hydrodynamic 
lubrication  or  excessive  vaporization.  Thus,  It  is  clear  that  a  "throwaway" 
system  can  be  used  to  high  temperatures  (538*C);  however,  the  conditions  must 
be  carefully  controlled  to  deliver  the  right  amount  of  fluid  without  exces¬ 
sive  decomposition.  Excessive  fluid  Is  also  undesirable  since  It  prohibits 
decomposition  film  formation  required  for  lubrication.  The  essential  para¬ 
meter  Is  controlled  oxygen  availability. 

Very  little  data  on  friction  and  wear  of  decomposition  films  are  available  In 
the  literature.  In  an  early  NASA  program  (49) ,  the  effects  on  friction  of 
films  formed  on  steel  surfaces  by  decomposition  of  common  lubricants  of 
several  types  were  studied.  The  films  were  formed  by  heating  surfaces  to 
which  a  thin  film  of  lubricant  had  been  applied.  The  data  show  that  the 
films  were  beneficial  and  reduced  friction  and  wear.  Measured  friction 
values  were  as  follows : 

Decomposed  Lubricant  f 


White  Oil 

0.11 

Grade  1010 

0.09 

Grade  1005 

0.10 

Dlester 

0.10 

Polyglycol  Ether 

0.12 

Silicone 

0.25 

The  best  results  were  obtained  when  the  lubricant  was  applied  to  the  surface 
of  the  decomposition  film.  Wear  rates  or  film  life  was  not  measured. 

From  these  data.  It  can  be  seen  that  decomposition  films  are  effective  bound¬ 
ary  lubricants  although  friction  coefficients  are  higher  than  desired.  This 
effective  lubrication  might  be  expected  since  many  lubrication  scientists 
believe  that  such  films  are  always  formed  due  to  frictional  heating  and,  in 
fact,  provide  the  friction  and  wear  reduction  attributed  to  boundary  lubrica¬ 
tion. 

Such  a  system  would  seem  to  hold  considerable  potential  for  the  700“  to  900“F 
(371“  to  482“C)  range  or  even  higher.  It  Is  only  a  minor  adaptation  of  an 
existing  technology  which  has  been  shown  to  be  theoretically  possible.  The 
primary  questions  to  be  answered  deal  with  film  mechanics  and  control,  ^^hat 
film  thickness  Is  required,  and  how  long  will  It  take  to  build  up?  Will  the 
film  continue  to  build  up  and  eventually  jam  the  ring?  What  will  happen  In 
the  nonrubbing  areas — will  the  piston  eventually  fill  up  with  soot  or  decom¬ 
position  products?  Only  experimental  Investigations  conducted  under  condi¬ 
tions  which  simulate  ring  applications  will  answer  these  questions.  The  most 
Important  question  will  be  the  maximum  temperatures  achievable.  With  the 
simplest  conventional  lubricant  system,  this  would  be  the  fire  point  which  Is 
In  the  400“  to  700“F  (204“  to  371 “C)  temperature  range.  With  synthetic 
fluids  In  nitrogen  atmospheres,  this  probably  could  be  extended  to  1000“F 
(538“C). 

It  would  be  desirable  to  have  a  lubricant  which  Is  effective  either  as  a 
fluid  or  a  decomposition  film  and  to  use  that  lubricant  for  all  engine  compo¬ 
nents.  However,  If  this  approach  does  not  extend  the  operating  temperature 
range,  then  a  special  lubricant  and  lubricant  delivery  system  could  be  de¬ 
signed  for  the  cylinder  area.  An  approach  evaluated  by  Devine  (50)  may  have 
merit.  He  used  volatile  organic  compounds  carried  In  nitrogen  to  lubricate 
rolling  contact  bearings. 


A  variety  of  delivery  systems  could  be  used  either  singly  or  in  combination. 
The  first  is  a  conventional  crankcase  system  which  provides  passages  through 
the  connecting  rod  and  wrist  pin  to  supply  lubricant  to  the  ring/piston 
interface.  Splash  systems  are  also  frequently  used.  In  such  systems,  fluid 
control  is  provided  by  the  oil  control  rings  which  distribute  the  oil  and 
determine  its  thickness.  Advanced  systems  Include  jets  directed  from  the 
crankcase  to  the  cylinder  walls  or  jets  directed  through  the  cylinder  walls. 
These  jet  systems  would  be  especially  appropriate  if  an  additional  high-tem¬ 
perature  lubrication  system  was  needed  to  supplement  conventional  crankcase 
lubrication.  These  jet  systems  could  be  either  "throwaway"  or  recirculating, 
depending  on  the  nature  of  the  lubricant  and  the  carrier.  Other  systems 
include  fuel  additives  or  adding  the  lubricant  to  the  intake  air. 

Although  all  these  variations  seem  to  present  endless  permutations  or  combi¬ 
nations  for  evaluation,  the  actual  process  is  much  simpler.  It  begins  with 
the  specific  solid  lubricant.  Once  a  lubricant/material  combination  is 
selected  which  meets  the  friction,  wear,  surface  damage,  and  temperature  rise 
criteria  and  its  effective  temperature  range  is  defined,  then  rational  deci¬ 
sions  can  be  made  as  to  its  form,  potential  carriers,  and  supply  systems. 

Liquid/solid  lubricant  suspensions  are  quite  conventional,  and  most  common 
solid  lubricants  are  available  in  either  conventional  lubricants  or  non¬ 
lubricating  fluids.  When  solids  are  added  to  conventional  lubricants,  it  has 
been  shown  (51)  that  from  5  to  10  percent  is  necessary  to  affect  friction  and 
wear.  Solids  can  reduce  boundary  friction  from  values  of  0.10  to  values  of 
0,06  to  0.08.  Actually  the  fluid  lubricant  adsorption  on  the  surface  inter¬ 
feres  with  the  adhesion  of  the  solid  lubricant.  As  a  result,  only  extremely 
thin  films  of  solid  lubricant  are  built  up  on  the  surface  which  are  quickly 
worn  away  once  the  fluid  lubricant  becomes  ineffective.  Generally  speaking, 
solid  lubricants  are  added  to  fluid  lubricants  as  an  adjunct  to  give  in¬ 
creased  load  or  temperature  capability.  However,  the  question  remains  as  to 
the  effectiveness  of  a  solid  film  when  continuously  supplied  from  a  lubricant 
which  is  no  longer  providing  any  lubricating  function.  If  the  lubricant  is 
quickly  destroyed,  then  the  solid  film  should  be  effective;  however,  in  the 
transition  region,  damage  and  wear  may  be  high.  Such  a  question  can  only  be 
determined  by  experiments  using  the  specific  materials  Involved, 


It  Is  known  that  nonlubricating  fluids  make  better  use  of  solids  than  lubri¬ 
cating  fluids.  However,  such  an  approach  would  require  an  extremely  effec¬ 
tive  solid  lubricant  and  a  complete  redesign  of  the  lubricant  supply  system 
In  the  cylinder  area.  Actually,  the  selection  of  the  system  Is  so  dependent 
upon  the  lubricant  that  system  choices  can  only  be  discussed  In  a  very 
general  way. 

One  of  the  main  advantages  of  the  liquid-carried  suspension  is  that  it 
flushes  away  any  excess  solid  lubricant  and  prevents  piston  build  up.  It 
also  distributes  the  solid  better  over  the  surfaces  to  be  lubricated. 

A  second  major  advantage  is  that  a  viscous  fluid  is  available  to  provide 
hydrodynamic  or  squeeze  film  lubrication  (and  low  friction)  at  less  than 
maximum  operating  conditions.  Such  a  system  could  be  seen  as  merely  an 
extension  of  the  previously  discussed  decomposing  system. 

The  difficulty,  of  course.  Is  that  stable  suspensions  are  hard  to  produce. 
Once  produced,  the  suspension  limits  the  degree  of  filtration  that  can  be 
applied  to  the  system.  However,  it  seems  logical  to  conclude  that  liquid- 
carried  suspensions  should  receive  major  emphasis  for  ring-liner  applica¬ 
tions.  Two  systems  can  be  considered: 

1.  Use  the  conventional  crankcase  lubrication  system  combined  with  a 
lubricant  development  program  to  find  an  appropriate  lubricant  and 
additives  which  will  lubricate  to  maximum  temperatures  as  a  syn¬ 
thetic  fluid,  decomposing  film,  and  residual  solid  lubricant  film. 

2.  If  necessary,  tailor  the  lubricant  to  the  ring-liner  application 
and  provide  an  independent  cylinder  lubrication  recirculation 
system.  This  will  prevent  contamination  of  the  crankcase  system 
and  avoid  the  environmental  problems  of  the  throw  away  system, 

6.  Gas-Carried  Suspensions 


If  gas  reaction  systems  are  not  included,  then  this  approach  consists  pri¬ 
marily  of  gases  carrying  solid  lubricant  particles  which  are  applied  through 


the  air  intake  of  engine  or  by  a  separate  cylinder  lubrication  system.  Such 
a  system  has  the  advantage  that  once  an  effective  lubricant  has  been  found, 
it  may  be  used  without  all  the  complicating  factors  of  fluid  decomposition, 
desorption,  and  preferential  adsorption.  Secondly,  extensive  lubricant 
development  is  not  necessary,  just  grind  the  lubricant  to  minimum  particles 
sizes. 

Unfortunately,  there  are  so  many  disadvantages  that  the  use  of  such  a  system 
seems  remote.  First,  it  is  very  difficult  to  obtain  and  sustain  particles  in 
suspension.  The  design  of  such  a  system  must  have  the  capability  of  adding 
solid  to  a  gas  stream  in  a  very  uniform  manner.  In  Reference  52,  a  variety 
of  techniques  were  investigated. 

1.  A  Lubricant  plug  system  in  which  the  gas  flows  through  a  tube 
packed  with  a  solid  lubricant 

2.  A  bed  pick-up  in  which  gas  flows  over  a  bed  of  solid  lubricant 

3.  A  diffuser  in  which  gas  is  passed  through  a  diffuser  stone  into  a 
bed  of  solid  lubricant 

4.  Gravity  feed 

5.  Mechanical  feed  by  rotating  a  container  filled  with  solid  lubricant 
which  has  a  fine  screen  at  its  periphery 

6.  Mechanical  agitation  feed 

7.  Mechaniai  wear  feed 

8.  Subliming  solid 

All  of  these  systems  had  one  thing  in  common;  initial  high  particle  flow 
which  ceased  in  time  due  to  agglomeration  of  the  powder.  Mechanical  agita¬ 
tion  of  the  system  Improved  the  suspension  process  but  did  not  solve  the 
problem  of  nonuniform  flow.  Although  some  positive  mechanical  system  cer¬ 
tainly  can  be  devised,  it  would  not  be  simple,  for  example.  Reference  53. 

After  the  particles  are  in  suspension,  it  is  difficult  to  keep  them  there. 
They  tend  to  collect  at  corners  of  the  flow  path  and  on  moving  parts  where 
they  are  held  by  centrifugal  forces.  Changes  in  these  forces  produce  clots 
of  material  moving  through  the  system. 
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In  Reference  53,  an  air  suspension  of  solid  lubricant  was  used  to  lubricate 
high-speed,  high-temperature  rolling  contact  bearings.  Although  successful 
results  were  obtained,  much  more  lubricant  than  necessary  to  lubricate  the 
bearing  had  to  be  supplied.  This  excess  material  (0.11  grams/min  of  solid  in 
an  airflow  of  0.67  cfm)  collected  in  the  bearing  and  caused  jamming..  The 
amount  needed  to  lubricate  is  very  small.  If,  as  discussed  in  a  later  sec¬ 
tion,  a  O.AO  yin.  film  will  last  1.67  min,  then  for  a  piston  stroke  area  of 
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78.5  inches,  0.0018  in.  or  0.1A3  grams/min  is  all  that  is  actually  needed. 
This  is  a  very  small  concentration. 

Special  attention  would  also  be  necessary  to  get  the  lubricant  to  stick  to 
the  surface.  Unlike  fluids  which  wet  surfaces,  particles  must  be  trapped. 
This  is  more  complicated  on  a  vertical  surface  where  gravity  does  not  assist 
in  the  process.  Furthermore,  the  air  currents  in  front  of  the  moving  piston 
ring  would  also  displace  the  solid  particles  and  possibly  prevent  them  from 
forming  films. 

Considering  all  these  problems,  this  approach  should  be  given  a  low  priority 
for  ring  cylinder  lubrication. 

7.  Gas-Reaction  Systems 

One  way  to  avoid  many  of  the  problems  associated  with  solid  or  liquid  sus¬ 
pension  systems  is  to  lubricate  with  a  reactive  gas.  In  this  approach,  the 
gas  itself  or  a  gaseous  ingredient  is  used  which  reacts  with  the  surface  to 
form  a  lubricating  film.  Examples  of  such  systems  are: 

1.  Air  used  at  high  temperatures  to  form  lubricating  oxides  at  high 
temperatures. (54-56) 

2.  H2S  used  to  lubricate  molybdenum. (57) 

3.  Chlorine-  and  sulfur-containing  gases  used  to  lubricate  high-tem¬ 
perature  metals. (58-59) 

4.  Gas  lubrication  of  rolling  contacts. (60) 


Such  systems  have  always  been  applied  to  metals,  although  there  is  no  reason 
that  the  same  technique  could  not  be  applied  to  ceramics  or  ceramic  composite 


materials  which  contain  the  necessary  ingredients.  There  are  many  advantages 
to  such  systems.  First,  there  are  no  carrier  problems  and  no  difficulties  in 
attaching  the  solid  lubricant  to  the  surface.  Unlike  particle  systems,  no 
unnecessary  material  is  being  carried.  Very  small  amounts  of  reactants  can 
be  added  to  the  gas,  and  only  thin  films  build  up  on  the  wearing  parts.  With 
proper  material  choices,  reactions  can  be  limited  to  the  sliding  contacts. 

Unlike  particle  or  liquid  supply  systems,  gas  supply  systems  are  relatively 
simple.  A  simple  pressurized  reservoir  could  be  used  to  inject  the  reactive 
ingredient  into  the  engine  air  intake  or  directly  into  the  cylinder. 

Fortunately,  experience  with  oxide  lubrication  at  high  temperature  has  shown 
that  the  system  is  selective.  If  there  is  a  small  amount  of  molybdenum  in  an 
alloy,  a  lubricating  molybdate  will  be  formed  on  the  surface  in  spite  of  the 
presence  of  other  oxides  from  other  alloy  constituents. 

The  disadvantage  of  the  system  is  in  film  control.  If  too  thin  a  film  is 
formed  at  low  temperatures,  failure  will  take  place;  at  high  temperatures, 
excessive  wear  can  occur  because  of  film  build  up.  The  low  temperature  range 
is  the  lesser  problem  since  frictional  heating  promotes  film  formation; 
nevertheless,  there  is  a  limited  range  of  utiliy  for  each  material/reactant 
combination.  The  second  disadvantage  is  that  only  certain  lubricants  can  be 
applied  this  way.  However,  in  the  temperature  range  above  1200°F  (649'’C) , 
oxides  are  the  primary  lubricants  and  they  can  easily  be  formed  with  a  gas- 
reaction  system. 

The  real  question  which  must  be  answered  concerns  the  choice  of  lubricants. 
Those  identified  to  date  are  not  adequate  for  the  whole  temperature  range  80® 
to  1500°F  (27°  to  816°C).  To  develop  this  system,  it  would  be  necessary  to 
explore  improved  lubricants  which  could  be  applied  by  reaction  techniques. 
This  would  probably  concentrate  on  double  or  tertiary  oxides  which  have  been 
tailored  to  give  the  desired  properties.  Some  effective  oxide  lubricants  are 
shown  in  Figure  5.  Because  of  the  simplicity  of  this  system  and  its  ease  of 
adaptability  to  the  engine,  further  development  is  warranted.  The  develop¬ 
ment  should  concern  Itself  with  what  oxides  are  good  lubricants  and  what 
materials  will  produce  them. 
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BEARING  MATERIAL  - 

WEAR  RATES 

PETERSON  2.5  x  10'^  STEEL  (M0S2)  y 
GILTHROW  1.9  x  10'^  BRONZE  (M0S2)  I 
TANAKA  2  x  10  ®  (M0S2)  \ 

LANCASTER  1  x  10  ®  COPPER  (M0S2) 
LANCASTER  8  x  10'^  STEEL  (M0S2) 
LANCASTER  5  x  10  ®  STEEL  (GRAPHITE) 
LANCASTER  1.4  x  10'^  STEEL  (M0S2) 


FILM  WEAR  RATES  (M0S2) 

/tSUYA  2.8  X  10-®  POLISHED  SURFACE 
SPALVINS  17  X  10  ®  SPUTTERED  FILM 
FUSARO  0.5  X  10‘^ 

LANCASTER  3  x  10'^  WITHOUT  COMPACT 
LANCASTER  5  x  lO'®  WITH  COMPACT 


LUBRICANT  STICK  WEAR  RATES 

McNAB  10'^  CARBON  BRUSHES 
TANAKA  2  x  lO'^  M0S2  PELLETS 
LANCASTER  5  x  10'^  GRAPHITE  STICK 
LANCASTER  8  x  10“*  M0S2  STICK 


FIGURE  6.  WEAR  RATES  FOR  M0S2  STICK  TRANSFER  FILMS 


In  operation,  a  given  film  thickness  must  be  maintained  to  provide  effective 
lubrication.  Based  upon  the  work  of  Fusaro  (^) ,  this  film  thickness  should 
be  approximately  1  „m  thicker  than  that  necessary  to  fill  around  the  asperi¬ 
ties.  This  1  urn  is  the  working  lubricant  film  which  is  built  up  and  worn 
away;  the  solid  lubricant  in  the  valleys  acts  as  a  reservoir  to  supply  the 
l-pm  film.  If  the  film  wears  down  to  expose  the  asperity  tips,  friction  will 
rise  to  0.10.  If  the  film  builds  up,  it  will  quickly  be  worn  away.  The 
critical  element  in  this  system  is  the  life  of  this  1-ym  film.  If  It  has  a 
short  life,  a  more  rapid  rate  of  supply  is  needed.  This  supply  process 
causes  bearing  material  wear  by  abrasion  by  the  unorlented  solid  lubricant 


particles.  Some  wear  rates  under  different  operating  conditions,  taken  from 
the  literature  for  MoS2i  are  listed  In  Figure  6. 

Using  these  wear  rates,  estimates  can  be  made  of  the  amount  of  lubricant 

required.  Using  a  wear  rate  of  K  »  5  x  10  ,  a  l-ym  (40  uln.)  film  will  last 

1.67  minutes  as  predicted  by  the  previously  described  wear  equation.  For  a  5 

3 

X  5  piston,  a  AO-yln.  film  requires  a  volume  of  0.0031  in.  to  be  delivered 
in  1.67  minutes  or  0.143  grams/min  for  each  ring.  A  400-hour  engine  would 
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require  3432  grams/ring.  This  is  a  volume  of  432  in.  (the  piston  volume  is 

3 

78.5  in  ).  This  suggests  that  such  a  system  is  impractical  unless  longer 
life  films  can  be  developed.  The  same  simple  analysis  is  probably  valid  for 
conventional  boundary  lubrication;  however,  the  large  lubricant  supply  Is 
provided  by  constant  recirculation. 

The  bearing  wear  rates  are  also  seen  to  be  higher  than  desired.  Although 
these  apply  to  M0S2  only.  It  can  be  seen  that  the  wear  rates  are  no  better 
than  those  reported  for  composite  materials.  A  composite  material  Is  cer¬ 
tainly  preferred  over  a  complex  lubrication  system. 

A  second  difficulty  with  this  system  was  pointed  out  by  Lancaster. (68) 
Initially,  transfer  from  the  lubricant  stick  to  the  moving  surface  is  high; 
but  with  continuous  operation,  this  transfer  rate  is  reduced  to  zero.  The 
reason  for  this  is  that  the  surfaces  become  polished  and  the  M0S2  stick  is  an 
effective  bearing  material.  Although  additives  can  be  used  to  Increase  the 
transfer,  this  is  an  additional  development  effort  required  before  the  system 
could  be  utilized. 

Other  lubricants  may  give  better  performance  and  should  be  evaluated;  how¬ 
ever,  M0S2  is  one  of  the  best  solid  lubricants  resulting  from  years  of  re¬ 
search.  Finding  an  improved  material  may  be  difficult. 

This  is  not  to  say  that  stick  transfer  films  are  always  impractical.  For 
many  applications  which  do  not  accumulate  a  large  number  of  cycles  (160 
million) ,  this  delivery  system  may  be  adequate. 
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Sacrlf iclal-Stlck  System 

In  the  previous  system,  the  lubricant  stick  and  the  bearing  material  were 
Independently  loaded  against  the  moving  shaft.  In  this  system,  the  stick  and 
lubricant  are  loaded  together  as  shown  in  Figure  7,  an  example  taken  from  the 
literature.  Such  a  system  is  very  much  like  the  composite  material  except 
that  the  lubricant  occupies  a  larger  volume.  The  difficulty  with  the  system 
is  the  same  as  that  with  the  composite  material,  namely  that  the  bearing 
material  must  wear  to  provide  the  lubricant.  However,  it  does  provide  an 
advantage;  sacrificial-stick  systems  do  not  require  the  extra  processing  step 
required  in  the  manufacture  of  composite  materials.  This  will  be  a  major 
advantage  when  working  with  ceramic  materials.  A  ceramic  piston  ring  shown 
in  Figure  6  using  an  oxide  lubricant  could  be  easily  fabricated  by  plasma 
spraying  the  lubricant,  while  a  composite  material  combining  the  two  could  be 
Impossible  to  fabricate. 

The  main  factor  to  be  determined  is  how  effective  such  a  system  would  be. 
Murray  (69)  has  evaluated  this  effect  in  developing  piston  rings  for  unlu¬ 
bricated  cryogenic  compressors.  He  found  that  this  approach  reduced  wear  by 
a  factor  of  approximately  10  with  ceramic  materials.  Ho  (38)  investigated 
the  wear  rates  of  potassium  silicate  buttons  filled  with  carbon  Inserts  of 
various  volume  percentages.  His  data  are  shown  in  Figure  8.  In  a  comparable 
load  range,  wear  was  reduced  by  a  factor  of  6  to  10  over  the  unfilled  (0 
percent)  specimen  with  the  best  combinations  (25  to  29  percent).  Abe  (70) 
measured  the  wear  of  bronze  bearings  with  and  without  lubricant  plug  Inserts. 
Wear  reductions  by  a  factor  of  16  were  reported  with  the  best  lubricants. 

These  results,  like  the  others,  do  not  predict  what  can  be  accomplished  at 
the  present  time  since  they  deal  with  low-temperature  lubricants;  however, 
they  do  give  an  indication  of  what  might  be  accomplished  with  ceramic  sacri¬ 
ficial  systems.  If  this  past  work  is  duplicated,  wear  reductions  by  a  factor 
of  10  may  be  expected.  This  is  significant  when  applied  to  the  wear  rates  of 
ceramic  or  metal-bonded  ceramic  materials. 
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FIGURE  8.  THE  EFFECT  OF  LOAD  ON  THE  FRICTION  AND  WEAR  BEHAVIOR 
OF  A  POTASSIUM  SILICATE  CEMENT  FILLED  WITH  CARBON  INSERTS 
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It  is  an  important  concept  that  solid  lubricants  be  applied  to  ceramic  ma¬ 
terials.  The  higher  Interface  pressures  and  damage-resistant  capabilities  of 
ceramic  materials  allow  the  use  of  poorer  solid  lubricants  or  solid  lubri¬ 
cants  with  limited  temperature  range  capability.  Sacrificial  systems  could 
be  effectively  used  in  combination  with  a  liquid  system,  in  which  the  liquid 
systems  provide  the  low-temperature  fluid  film  and  the  sacrificial  system, 
the  low-temperature  boundary  lubrication,  and  the  high-temperature  lubrica¬ 
tion. 

10.  Synthetic  Liquid  Lubricants 

Liquid  lubricants  for  high-temperature  applications  may  be  petroleum  based  or 
synthetic.  Table  9  presents  relative  performance  areas  of  synthetic  and 
petroleum  (mineral)  oils  which  have  outstanding  high-temperature  stability. 

Table  9  can  be  summarized  as  follows: 

Main  Strengths  and  Limitations  of  Principal  Synthetics 


Synthetic 

Type 

Temperature 
Range,  ®F 

Main 

Strength 

Limiting 

Characteristics 

DAB 

-40  to  350 

Low  Temperature 

Volatility  -  VI 

PAO 

-85  to  450 

Wide  Temperature 

Additive  Solubility 

PAG 

-30  to  350 

Water  Versatility 

Lubricity 

Dlesters 

-65  to  400 

Solvency/ 

Detergency 

Hydrolysis-Antirust 

Polyol  Esters 

-75  to  500 

Wide  Temp 

Hyd  ro ly s i s-An  1 1 r us  t 

Phosphate  Esters 

-15  to  500 

Fire  Resistance 

Low  VI  Solvency 

Silicones 

-100  to  500 

Very  High  VI 

Lubricity 

In  addition  to  these  synthetics,  polyphenyl  ethers  are  available;  however, 
they  do  not  have  adequate  low-temperature  properties  and  are  extremely  ex¬ 
pensive. 

Organic  esters  of  the  sterically-hindered  polyol  type  have  excellent  high- 
temperature  oxidation  resistance  while  retaining  good  low-temperature  flu¬ 
idity  and  have  received  much  recent  attention  as  potential  high-temperature 
diesel  engine  (HIDE)  oils.  Since  even  the  best  synthetic  lubricants  decom- 
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pose  In  the  800*  to  1000*F  range,  they  will  probably  be  Inadequate  for  the 
AIPS  engine  where  top  piston  ring  reversal  temperatures  in  excess  of  1100*F 
are  expected. 

Several  organizations  have  been  recently  active  in  HIDE  lubrication  research. 
(71-75,  82)  In  the  following  section,  the  HTDE  liquid  lubrication  work  of 
the  following  organizations  is  reviewed:  U.S.  Army  Fuels  and  Lubricants 
Research  Laboratory,  Cummin s/TACOM,  Komatsu,  Ltd.,  and  Garrett  Turbine  Engine 
Co.  (Compound  Cycle  Turbine  Engine  program). 

The  U.S.  Army  Fuels  and  Lubricants  Research  Laboratory  (AFLRL)  under  contract 
to  U.S.  Army  Belvolr  Research  and  Development  Center,  Fuels  and  Lubricants 
Division  has  conducted  an  investigation  of  "High-Temperature  Lubricants  for 
Minimum-Cooled  Diesel  Engines. (7 1)  This  work  was  jointly  funded  by  U.S. 
Army  Tank  Automotive  Command,  DRSTA-RG,  Warren  MI,  48090,  and  U.S,  Army 
Belvolr  Research  and  Development  Center,  STRBE-VF,  Ft.  Belvoir,  VA  22060. 

In  this  project,  lubricant  performance  at  high  cylinder  wall  temperature 
(630*F  CWT)  was  defined  using  an  uncooled  single-cylinder  diesel  engine 
operated  at  conditions  which  simulate  a  minimum-cooled/adiabatic  diesel 
engine.  The  following  lubricant-related  problems  were  identified: 

•  Lubricant  oxidation — oil  too  thick  to  pump;  corrosive  products 
formed  and  bearings  attacked. 

•  Lubricant  volatility — high  oil  consumption,  oil  thickening. 

•  Engine  deposits— ring  sticking. 

Many  high-temperature  candidate  lubricants  of  varying  chemical  composition 
were  evaluated  in  the  uncooled  single-cylinder  diesel  engine.  Two  promising 
synthetic  lubricants  were  identified;  however,  both  were  still  deficient  in 
oxidation  stability/oil  thickening  properties,  as  severe  oil  degradation 
occurred  by  50  hours  when  operating  at  630*F  CWT.  This  work  is  continuing  at 
AFLRL  with  current  effort  directed  at  extending  the  upper  temperature  use 
limit  of  liquid  lubricants  and  developing  an  understanding  of  the  oil  degra¬ 
dation  mechanisms  in  the  ring  zone  area  of  an  HTDE. 


Realizing  early  in  the  adiabatic  diesel  engine  program  that  HIDE  lubrication 
was  a  potential  technical  barrier,  Cummins  Engine  Co.  and  TACOM  have  been 
conducting  research  In  this  area. (72-81)  In  1983,  Cummins  reported  that  a 
minimum  cooled  big  cam  NT  engine  with  a  ring  coating/ liner  coating/lubricant 
combination  of  chrome  carbide/RC-6/Lubricant  B  (polyol  ester  base  stock) 
proved  to  be  successful  for  a  250-hour  endurance  run  with  average  liner  top 
ring  reversal  temperature  of  371®C  at  rated  conditions  of  298  kW  and  1900 
rpm.  Average  oil  consumption  was  1.37  gr/kW-hr. (81)  In  recent  work  in  the 
VTA903  low  heat  rejection  engine  (LHR-600) ,  they  have  operated  for  250  hours 
at  450-475‘’F  (230-245'’C)  liner  temperature  using  a  special  synthetic  lubri¬ 
cant  blend  of  65  percent  polyol  ester  and  35  percent  triaryl  phosphate.  Very 
low  engine  wear  was  observed  in  this  250-hr  test.  This  lubricant  blend  has 
been  operated  for  1  hour  at  llOO^F  (593'’C)  TRR,  at  which  time  problems  were 
encountered  due  to  high  blowby.  Figure  9  is  a  thermogravimetrlc  analysis  of 
this  type  of  polyol  ester  based  synthetic  lubricant.  The  thermogram  shows 
weight  loss  and  the  rate  of  weight  loss  as  a  function  of  temperature  when  a 
small  sample  of  polyol  ester  based  lubricant  is  heated  in  air  at  a  programmed 
temperature  rise  rate  of  5“C/min.  It  is  obvious  that  this  oil  starts  de¬ 
grading  rapidly  after  250“C  and  the  maximum  rate  of  degradation  occurs  at 
approxiamtely  275*0.  At  290®C,  only  20  percent  of  the  original  mass  of  the 
lubricant  remains  in  the  condensed  phase.  Clearly,  additional  work  on  HTDE 
lubricants  is  needed  for  operation  at  1100®F  TRR. 

Komatsu,  Ltd.  has  reported  on  their  high-temperature  tribology  efforts. 
(82,83)  They  investigated  the  high-temperature  performance  of  a  petroleum  and 
an  ester  synthetic  oil  at  662®F  CWT  and  found  that  the  synthetic  oil  produced 
less  piston  ring  groove  carbon  filling  than  the  petroleum  oil.  Komatsu  also 
reported  that  the  high  top  ring  reversal  temperature  of  the  heat  insulated 
engine  caused  severe  side  wear  of  the  liner  at  TRR. 

Garrett  Turbine  Engine  Co.  addressed  the  need  for  high-temperature  liquid 
lubricants  in  their  development  of  the  compound  cycle  turbine  engine  (CCTE) 
for  potential  cruise  missile  applications. (84)  For  800*F  CVJT,  Garrett's 
approach  was  to  lubricate  with  a  clean-burning  ash-free  lubricant  based  on 
MIL-L-23699  (s)nnthetlc  turbine  engine  oil)  technology,  with  10  percent 
trlaryl  phosphate  added. 


PERCENT  WT.  REMAINING 


TEMPERATURE  DECREES  C. 


FIGURE  9.  THERMOGRAVIMETRIC  ANALYSIS  OF 
POLYOL  ESTER  TYPE  SYNTHETIC  LUBRICANT 


In  conclusion,  the  TRR  temperature  of  1100+  F  expected  in  the  AIPS  engine  is 
beyond  the  capability  of  current  synthetic  oil  technology.  The  development 
of  a  "system  approach"  to  engine  lubrication  which  Includes  engine  materials, 
novel  hlgh-temperature  lubricants,  and  a  novel  lubricant  delivery  scheme  will 
be  required  to  adequately  lubricate  the  AIPS  engine. 


IV.  LUBRICATION  SYSTEM  SUMMARY 


From  the  previous  discussions,  it  can  be  seen  that  a  wide  variety  of  ap¬ 
proaches  offer  promise  for  increasing  the  temperatures  in  the  piston/ cylinder 


area  of  diesel  engines.  The  elements  of  such  systems  are  summarized  In  the 
following  paragraphs. 


1.  Lubricants 

The  major  problem  to  be  solved  Is  the  selection  of  adequate  lubricants. 
Although  synthetic  fluids  may  extend  the  current  temperature  range  to  700*F 
(371®C)  with  the  current  crankcase  delivery  system,  operation  above  that 
temperature  Is  questionable  due  to  lack  of  Information  concerning  lubricant 
stability.  Although  preformed  decomposition  products  have  been  shown  to  give 
low  friction  at  room  temperature.  It  Is  not  known  how  effective  they  will  be 
during  formation  or  how  far  they  can  Increase  fluid  operating  temperatures. 
Solid  lubricants  are  available  In  the  700“F  (371“C)  to  1000“F  (538*C)  temper¬ 
ature  range,  but  they  will  give  higher  friction  than  that  found  for  fluid 
film  lubrication.  These  solid  lubricants  also  give  higher  wear  rates  than 
reported  for  boundary  lubrication.  There  are  effective  solid  lubricants  for 
temperature  above  1000*F  (538*’C),  but  they  have  the  additional  limitation 
that  they  are  Ineffective  at  low  temperatures.  A  major  emphasis  must  be 
placed  on  Identifying  Improved  lubricants  and  their  effective  temperature 
ranges.  The  major  emphasis  should  be  placed  on  finding  effective  "residual" 
lubricant  films  deposited  from  synthetic  fluids  which  consist  of  both  decom¬ 
position  films,  surface  active  additives,  and  solid  lubricants.  The  goal 
would  be  to  extend  operating  temperature  as  high  as  possible  without  jeopar¬ 
dizing  fluid  film  or  boundary  lubrication  at  lower  temperatures.  The  resid¬ 
ual  film  should  lubricate  both  as  a  decomposition  film  and,  when  that  Is  no 
longer  effective,  leave  a  solid  lubricant  film.  The  most  effective  solid 
lubricants  based  upon  current  Information  would  be  mixtures  of  graphite  and 
soft  metal  oxides  such  as  cadmium  or  copper. 


A  wide  variety  of  materials  are  available  for  operation  to  temperatures  above 
1500*F  (816®C).  However,  some  form  of  lubrication  will  be  required.  The 
accumulated  Information  shows  that  unlubricated  friction  and  wear  rates  are 
much  too  high  for  rlng-llner  applications.  Ceramics  offer  the  advantage  of 
Insulation,  high  hardness,  and  maximum  utility  of  Ineffective  lubricants. 
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They  also  have  the  ability  to  operate  unlubricated  for  short  periods  of  time. 
Their  main  disadvantages  are  that  they  are  prone  to  surface  damage  (micro¬ 
fracture)  during  sliding,  generally  have  high  friction  coefficients  and  high 
interface  temperatures,  and  are  difficult  to  fabricate  and  use.  If  a  lubri¬ 
cated  system  is  used,  consideration  should  be  given  to  metallic  materials 
such  as  tool  steels  which  will  withstand  temperatures  to  1000®F  (538“C).  For 
solid  or  boundary  lubrication  systems,  consideration  should  be  given  to 
metal-bonded  ceramic  combinations.  Metal-bonded  ceramic  combinations  have 
lower  unlubricated  friction  coefficients  and  are  less  prone  to  raicrosurface 
damage  than  either  metals  or  ceramics.  They  are  also  easier  to  apply  and 
finish.  Particular  attention  should  be  given  to  metal-bonded  carbides  which 
produce  lubricating  oxides.  Such  materials  are  currently  available  but  also 
offer  promise  for  further  development.  For  these  higher  conductivity  materi¬ 
als,  some  form  of  insulating  backing  may  be  necessary. 

Self-lubricating  composite  materials  have  wear  rates  which  approach  the 
desired  levels  at  lower  temperatures  but  have  higher  friction  coefficients 
than  desired.  Each  of  these  problems  could  be  avoided  by  supplemental  fluid 
or  gas  lubrication.  Unfortunately,  materials  for  temperatures  above  ZOO^F 
(371®C)  are  limited  consisting  of  carbon  graphites  and  a  few  metal-bonded 
composites.  Such  materials  should  be  evaluated  along  with  metal-bonded 
carbides  and  tool  steels  for  the  700®  to  1000®F  (371®  to  538®C)  temperature 
range  with  both  liquid  and  solid  lubrication. 

Additional  development  will  be  required  for  temperatures  above  1000®F 
(538®C).  Efforts  should  be  directed  toward  ceramics  and  metal-bonded  car¬ 
bides  which  contain  solid  lubricant  inserts  or  which  provide  lubricants  by 
oxidation. 

The  best  lubricating  composite  materials  should  be  used  irrespective  of  the 
lubricant  or  the  delivery  system. 
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delivery  system.  This  can  be  done  by  exploiting  the  residual  lubricant 
concept  previously  discussed.  It  is  difficult  to  project  how  high  tempera¬ 
ture  can  be  achieved,  but  that  limitation  would  be  either  ring  scuffing  or 
wear  or  the  generation  of  excessive  amounts  of  decomposition  products  which 
accumulates  in  the  crankcase  or  are  expelled  through  the  exhaust.  Above  this 
temperature,  it  may  be  necessary  to  isolate  the  cylinder  area  and  provide  a 
special  lubricant  and  system.  A  lubricant  might  be  developed  which  burns 
clean  or  the  contaminating  elements  could  be  removed  by  the  recirculating 
system. 

One  might  estimate  that  the  above  systems  could  be  used  to  1000°F  (SSS^C). 
Above  that  temperature,  improved  materials  will  be  required.  Two  systems 
seem  to  offer  the  most  promise,  especially  when  used  in  conjunction  with 
self-lubricating  composites:  the  gas  bearing  or  the  gas  reaction  system.  It 
is  entirely  possible  that  they  can  be  used  together.  The  gas  reaction  system 
provides  an  auxiliary  solid  lubricant,  while  the  gas  bearing  reduces  the 
contact  loads  and  thus  reduces  friction  and  wear.  The  technology  for  gas 
bearings  is  available  while  that  for  gas  reaction  systems  would  need  to  be 
developed . 

V.  CONCLUSIONS 

A  study  has  been  made  to  identify  potential  lubricant  systems  for  ring-liner 
applications  in  advanced  heat  engines.  From  this  study,  the  following  con¬ 
clusions  were  drawn: 

1.  Current  metal  and  ceramic  materials  do  not  possess  adequate  friction  and 
wear  properties  to  allow  unlubricated  operation  for  extended  periods  of 
time. 

2.  Solid  lubricant  coatings  do  not  have  adequate  wear  lives  to  be  useful 
except  for  "run  in". 


Composite  materials  approach  the  necessary  wear  rates  (K  ■  10  )  for  400 

hour  life  but  do  not  have  the  temperature  capability.  Increased  empha¬ 
sis  on  the  development  of  metal  and  ceramic  self-lubricating  composites 
is  recommended.  In  this  development,  priority  should  be  given  to  com¬ 
posites  made  by  Inserting  lubricant  plugs. 

Synthetic  lubricants  are  currently  available  which  should  allow  satis¬ 
factory  operation  to  temperatures  of  700®F  (371®C). 

Lubricant  decomposition  films  are  good  boundary  lubricants  and  should 
allow  operation  to  temperatures  above  700‘’F  (371®C)  if  increased  fric¬ 
tion  coefficients  (0.10)  can  be  tolerated.  However,  adequate  film 
control  will  be  required  for  effective  lubrication. 

Solid  lubricant  additives  in  the  decomposition  films  may  lower  friction 
and  allow  higher  temperature  operation. 

Regardless  of  the  materials  selected  (including  self-lubricating  com¬ 
posites),  some  lubricant  delivery  system  will  be  necessary.  Those  that 
appear  to  have  great  potential  are: 

a.  A  liquid  recirculation  system  designed  only  for  the  ring-liner  area 
which  lubricates  with  the  fluid  at  low  temperatures  and  with  decom¬ 
position  films  and  solid  lubricants  at  high  temperatures. 

b.  A  reactive  gas  system  in  combination  with  appropriate  ring-liner 
materials.  This  might  be  a  combination  gas  bearing  solid  lubricant 
system. 

Gas/particle  systems  are  considered  impractical  based  upon  suspension, 
retention,  and  transfer  properties. 

Too  much  lubricant  is  required  to  make  solid  stick  transfer  processes 
practical  for  ring-liner  lubrication. 


Gas  bearings,  even  if  only  partially  effective  and  in  spite  of  fabrica¬ 
tion  difficulties,  offer  promise  because  of  their  friction-reducing 
capabilities. 

A  logical  development  of  lubrication  systems  for  high-temperature  pis¬ 
ton-liner  applications  would  consist  of  the  following: 

a.  The  use  of  a  synthetic  crankcase  lubricant  with  high  temperature 
wear  resistant  metal  alloys,  rings,  and  liners.  The  system  is 
designed  for  minimum  wear  using  larger  rings,  lubricating  coatings, 
minimum  loads,  and  maximum  wear  tolerances  in  the  rings.  Designs 
such  as  foils  which  compensate  for  wear  should  also  be  explored. 

b.  Develop  ceramic  self-lubricating  composites  using  the  sacrificial 
stick  (plug)  approach.  Substitute  these  materials  along  with 
ceramic  liners  into  the  synthetic/crankcase  system.  The  materials 
should  be  developed  for  1500*F  (816*C)  capability. 

c.  Develop  a  piston/liner  fluid  lubrication  system  which  exploits  the 
decomposition/ solid  lubricant  approach.  The  fluid  carrier  would  be 
expected  to  "flash"  away  without  leaving  harmful  residue.  Rings 
and  liners  could  be  the  previously  developed  self-lubricating 
composite  rings  and/or  liners. 

d.  For  the  maximum  temperatures,  a  pressurized  gas-reaction  system 
which  maximizes  the  gas-bearing  effect  should  be  designed.  Modify 
the  self-lubricating  ceramic  conept  using  materials  which  will  be 
lubricated  by  reactive  pressurized  gas. 

VI.  REFERENCES 

Pike,  W.C.  and  Spillman,  Dr.,  "The  Use  of  a  Motored  Engine  to  Study 
Friction  Ring  Wear  and  Engine  Friction,"  Proc.  Instn.  Mech.  Engineers 
178  (Pt  3N),  p.  37,  1963. 


2.  Lloyd,  T. ,  The  Hydrodynamic  Lubrication  of  Piston  Rings,  Proc.  Instn. 
Mech.  Engineers,  183  (Pt  3P),  p.  28,  1968. 

3.  Furuhama,  S.,  "A  D3mamic  Theory  of  Piston  Ring  Lubrication  (Experi¬ 
ment),"  Bull  JSME  3,  10,  p.  291,  1960. 

4.  Furuhama,  S.,  "A  Dynamic  Theory  of  Piston  Ring  Lubrication  (Measurement 
of  Oil  Film-Thickness)  Bull  JSME  4,  16,  p.  744,  1961. 

5.  Ting,  L. ,  "Lubricated  Piston  Rings  and  Cylinder  Bore  Wear,"  Wear  Control 
Handbrook,  ASME,  1980. 

6.  Fuchsluger,  J.H.  and  Vandersen,  V.L. ,  "Unlubricated  Piston  Rings,"  Wear 
Control  Handbook,  ASME,  1980. 

7.  Peterson,  M.B.,  "Design  Considerations  for  Effective  Wear  Control,"  Wear 
Control  Handbook,  ASME,  1980. 

B.  Yust,  C.S.  and  Carignan,  F.J.,  "Observations  on  the  Sliding  Wear  of 

Ceramics,"  ASLE  Preprint,  84AM  4A1. 

9.  Kingsbury,  E.P.  and  Rablnowicz,  E. ,  "Friction  and  Wear  of  Metals  to 
1000*C,"  ASLE  Transactions,  D,  p.  81,  1958. 

10.  Zeeman,  K.E.  and  Coffin,  L.F.,  "Friction  and  Wear  of  Refractory  Com¬ 
pounds,"  ASLE  Trans.,  8,  p.  2,  1960. 

11.  Mordike,  P.L.,  "Frictional  Properties  of  Carbides  and  Borides,"  Wear,  3, 
5,  p.  374,  1960. 

12.  Peterson,  M.B.  and  Murray,  S.F. ,  "Investigation  of  Possible  Bearing 
Materials  and  Lubricants  Above  1000‘F,"  APEX  624,  US  Dept,  of  Commerce, 
1959. 

13.  Peterson,  M.B.  and  Murray,  S.F.,  "Friction  Behavior  of  Ceramic  Materi¬ 
als,"  Metals  Engineering  Quarterly,  Vol.  7,  No.  2,  p.  22,  1967. 

14.  Bowden,  F.P.  and  Young,  J.E.,  "The  Friction  Behavior  of  Diamond,"  Proc, 
Roy  Soc,  208A,  p.  444,  1951. 

15.  Coffin,  L.F.,  Jr.,  "A  Fundamental  Study  of  Synthetic  Sapphire  as  a 

Bearing  Material,"  ASLE  Transactions,  Vol.  1,  No.  1,  p.  108,  1958. 

16.  Murray,  S.F.  and  Petersen,  M.B.,  "The  Selection  and  Evaluation  of  Ma¬ 
terials  and  Lubricant  Films  for  Gas  Lubricated  Gepo  Bearings,"  MTI 
Report,  64TRI  [NoBS  -  88615(FBM)],  1964. 

17.  Church,  P.  and  Cole,  E. ,  "K-RAMIC— A  New  Low  Friction  and  Wear  Materi¬ 
al,"  Proceedings  of  the  AFML-MRI  Conference  on  Solid  Lubricants,  AFML  TR 


18.  Wallbrldge,  N. ,  Dowson,  D. ,  and  Roberts,  E.W. ,  "Wear  Characteristics  of 
Sliding  Pairs  of  High  Density  Polycrystalline  ^120^  Under  Both  Dry  and 
Wet  Conditions,"  Wear  of  Materials,  ASME,  1983. 

19.  Sllney,  H. ,  "An  Investigation  of  Oxldatlon~Reslstant  Solid  Lubricant 
Materials,"  Proceedings  of  the  International  Conference  on  Solid  Lubri¬ 
cation,  ASLE,  1971. 

20.  Flnkln,  E.F. ,  "Mechanical  Aspects  of  Solid  Lubricant  and  Elastomeric 
Coatings,"  Science  and  Technology  of  Surface  Coatings,  Academic  Press, 
London,  1974. 

21.  Campbell,  M.E.,  "Solid  Lubricants— A  Survey,"  NASA  SP-5059(01),  1972. 

22.  Lewis,  R.B.,  "Predicting  the  Wear  of  Sliding  Plastic  Surfaces,"  Mech. 
Eng.,  Vol.  86,  p.  32,  1964. 

23.  Jepson,  R.E. ,  "Investigation  of  Materials  and  Design  Concepts  for  Long 
Life  Reciprocating  Piston  Seals,"  AFFDL-TR-66-212,  1966. 

24.  Martin,  P.  and  Murphy,  C.P.,  "High-Speed  Oscillating  Tests  of  Lubrica¬ 
ting  Composites,"  Lubrication  Engineering,  p.  484,  November  1973. 

25.  Gllthrow,  J.P.  and  Lancaster,  J.K,  "The  Role  of  the  Counterface  in  the 
Friction  and  Wear  of  Carbon  Fibre  Reinforced  Thermosetting  Resins,"  Wear 
16,  p.  359,  1970. 

26.  Theberge,  J.E.,  "Properties  of  Internally  Lubricated  Glass  Fortified 
Thermoplastics  for  Gears  and  Bearings,"  ASLE  Transactions,  Vol  .  15,  p. 
216,  1972. 

27.  Fusaro,  R.L.  and  Sllney,  H.E.,  "Friction  and  Wear  Behavior  of  Graphite 
Fiber  Reinforced  Polylmide  Composites,  ASLE  Transactions,  Vol.  21,  No. 
4,  p.  337,  1978. 

28.  Mecklenberg,  K.L,  "Lubricant  Compact  Wear  Rate  Technique,"  AFWAL-TR-81- 
4014,  March  1981. 

29.  Bisson,  E.E.  and  Anderson,  W. J. ,  "Advanced  Bearing  Technology,"  NASA 
SP-38,  1964. 

30.  Lipp,  L.C.,  Vanwyk,  J.W. ,  and  William,  F.J.,  "Development  of  Solid 
Lubricant  Compact  Bearings  for  the  Supersonic  Transport,"  Lubrication 
Engineering,  Vol,  29,  No.  2,  p.  108,  1933. 

31.  Amateau,  M.F.,  Flowers,  R.F.,  and  Ellezer,  Z.,  "Trlblologlcal  Behavior 
of  Metal  Matrix  Composites,"  Wear,  54,  p.  75,  1979. 


« •  *  “  » 


N.”* 


1 

B 


*1^ 


I  •  Jl  •  M  *•••**•#  •  J* 


’.*  ■ 


32.  Suya,  Y.T.,  et  al.,  A  Study  on  Some  Metal  Base  Self-Lubricating  Com¬ 
posites  Containing  Tungsten  Disulfides,"  Lubrication  Engineering,  Vol. 
29,  No.  11,  p.  498,  1973. 

33.  McNab,  I.R.  and  Johnson,  J.L.,  "Brush  Wear,"  Wear  Control  Handbook, 
ASME,  1980. 

34.  Johnson,  R.L.  and  Schoenherr,  Karl,  "Seal  Wear,"  Wear  Control  Handbook, 
ASME,  1980. 

35.  Peterson,  M.B.,  "Investigation  of  Solid  Film  Lubricants  and  Sliding 
Contacts  at  Temperatures  Above  1000®F,"  US  Dept,  of  Commerce,  APEX  569, 
1958. 

36.  Lancaster,  J.K.,  "Dry  Bearings — A  Survey,"  Tribology,  Vol.  6,  p.  219, 
1973. 

37.  Paxton,  R.P.  and  Shobert,  W.R.,  "Testing  High-Speed  Seal  Carbon,"  ASLE 
Transactions,  Vol.  5,  No.  2,  1962. 

38.  Ho,  T.L.  and  Peterson,  M.B.,  "Development  of  Aircraft  Brake  Materials," 
NASA  CR-134633,  1964. 

39.  Murray,  S.F.,  "Material  Combinations  for  Hydrodynamic  Gas  Lubricated 
Bearings,"  Transactions,  ASME  Journal  of  Lubrication  Technology,  Vol, 
90,  Series  F,  No.  1,  p.  49,  1968. 

40.  Schey,  J.A.,  "Tribology  in  Metalworking,  ASME,  1983. 

41.  Murray,  S.F.,  Johnson,  R.L.,  and  Bisson,  E.E,,  "Limiting  Bulk  Tempera¬ 
tures  for  Effective  Boundary  Lubrication  by  Synthetic  Lubricants,"  Lube 
Engineering,  Vol.  10,  p.  193,  1954. 

42.  Cowley,  C.W.,  Ultee,  C.J.,  and  West,  C.W. ,  "Influence  of  Temperature  on 
Boundary  Lubrication,"  ASLE  Transactions,  Vol.  1,  No.  2,  p.  281,  1958. 

43.  Hopkins,  V.  and  Wilson,  Dr.,  "Transition  Temperatures  in  the  Four  Ball 
Tester,"  Lube  Engineering,  Vol.  20,  No.  8,  p.  305,  1964. 

44.  Fein,  R.S.  and  Kreuz,  K.L.,  "Chemistry  of  Boundary  Lubrication  of  Steel 
by  Hydrocarbons,  ASLE  Transactions,  Vol.  8,  No.  1,  p.  29,  1965. 

45.  Buckley,  D.H. ,  Johnson,  R.L.,  and  Brainard,  W.A. ,  "Influence  of  En¬ 
trained  Gases  and  a  Halogen  Additive  on  Boundary  Lubrication  of  Four 
Oils  at  Temperatures  to  1000*F,"  NASA  TN-D-2686,  1965. 

46.  Nemeth,  Z.N.  and  Anderson,  W.J. ,  "Effects  of  Air  and  Nitrogen  Atmo¬ 
spheres  on  the  Temperature  Limitations  of  Liquid  and  Solid  Lubricants  in 
Ball  Bearings,"  Lube  Engineering,  Vol.  11,  No.  4,  p.  267,  1955. 


.*  V  V  %•  V  V*  •  *  • 


47.  Nemeth,  Z.N.  and  Anderson,  W.J.,  "Effects  of  Oxygen  Concentrations  In 
Atmosphere  on  Oil  Lubrication  of  High-Temperature  Ball  Bearings,"  Lube 
Engineering,  Vol.  12,  No.  5,  p.  327,  1956. 

48.  Relchenbach,  G.S.,  Acclnelll,  J.B.,  and  Beaublen,  S.J.,  "Lubrication  of 
High-Speed  High-Temperature  Thrust  Ball  Bearings,"  Trans.  ASLE,  Vol.  1, 
No.  2,  p.  259,  1958. 

49.  Johnson,  R.L.,  Godfrey,  D. ,  and  Bisson,  E.E.,  "Friction  of  Surface  Films 
Formed  by  the  Decomposition  of  Common  Lubricants  of  Several  Types,"  NASA 
TN  2076,  1949. 

50.  Devine,  M.J.,  Lamson,  E.R.,  Stallings,  L. ,  and  Gilmore,  L.P.,  "Lubrica¬ 
tion  of  Ball  Bearings  With  Volatile  Organic  Compounds,  ASLE  Transac¬ 
tions,  9,  p.  242,  1966. 

51.  Peterson,  M.B.  and  Johnson,  R.L. ,  "Friction  and  Wear  Investigation  of 
M0S2.  II.  Effects  of  Contaminates  and  Method  of  Application,"  NACA  TN 
3111,  1954. 

52.  Lewis,  P.,  "Investigations  of  Complex  Bearing  and/or  Lubrication  Systems 
for  High-Speed  High-Temperature  Operation,"  USAF  FDL-TDR-64-12. 

53.  Wilson,  D. ,  Gray,  S.,  et  al.,  "The  Development  of  Lubricants  for  High- 
Speed  Rolling  Contact  Bearings  Operating  Over  the  Range  of  Room  Tem¬ 
perature  to  1200"F,"  EADD  TR-60-732,  1962. 

54.  Peterson,  M.B.,  Lee,  R.E.,  and  Florek,  J.J. ,  "Sliding  Characteristics  of 
Metals  at  High  Temperatures,"  ASLE  Trans,  3(1),  1960. 

55.  Peterson,  M.B.,  Murray,  S.F.,  and  Florek,  "Consideration  of  Lubricants 
for  Temperatures  Above  1000"F,  ASLE  Transactions,  Vol.  2,  No.  2,  1960. 

56.  Peterson,  M.B.,  Calabrese,  S.J.,  and  Strlpp,  B. ,  "Lubrication  with 
Naturally  Occurring  Double  Oxide  Films,"  DDC  AD  124248,  1982. 

57.  Bowden,  F.P.  and  Rowe,  G.W. ,  "Lubrication  With  Molybdenum  Disulfide 
Formed  From  Gas  Phase,"  Engineer,  Vol.  204,  No.  5311,  p.  667,  1957. 

58.  Murray,  S.F.,  Johnson,  R.L,  and  Swikert,  M.A. ,  "Dlfluorodlchloromethane 
as  a  Boundary  Lubricant  for  Steel  and  Other  Metals,"  Mech.  Eng.,  Vol. 
78,  p.  233-6,  1956. 

59.  Buckley,  D.H.  and  Johnson,  R.L.,  "Halogenated  Gases  for  High-Temperature 
Lubrication  of  Metals,"  Ind  and  Eng  Chem,  Vol.  51,  No.  5,  p.  699,  1959. 

60.  Gray,  S.,  "An  Accessory  Manufacturers  Approach  to  Bearing  and  Seal 
Development,"  Mech.  Eng.,  Vol.  81,  No.  4,  pg.  76,  1959. 


m 


55®! 


H  ^«  ■*•  *^* 


> .  •  • 
"  v'  •. 

a  •  •  • 


V  W'V 


61.  Peterson,  M.B.  and  Johnson,  R.L,,  "Friction  of  Possible  Solid  Lubricants 
With  Various  Crystal  Structures,"  NACA  TN  334,  1954. 

62.  Giltrow,  J.P.  and  Lancaster,  J.K.,  "The  Role  of  Impurities  in  the  Abra¬ 
siveness  of  MoS^,"  Proceedings  of  the  International  Conference  on  Solid 
Lubricants,  ASLE,  1971. 

63.  Tanaka,  K. ,  Uchlyama,  Y. ,  Nakagaway,  T. ,  and  Matsumaga,  M. ,  "Wear  and 
Frictional  Behavior  of  M0S2  Pellets  and  Steel  Lubricated  With  M0S2 
Powder,"  Wear  of  Materials,  ASME,  1981. 

64.  Lancaster,  J.K.,  "The  Influence  of  Substrate  Hardness  on  the  Formation 
and  Endurance  of  M0S2  Films,"  Wear,  10,  p.  113,  1967. 

65.  Spalvins,  T.,  "Lubrication  With  Sputtered  M0S2  Films,"  Proceedings  of 
the  International  Conference  on  Solid  Lubrication,  ASLE,  1971. 

66.  Tsuya,  Y.  and  Kitamura,  M. ,  "Effect  of  Sliding  Conditions  on  the  Wear 
Rate  of  Organic  and  Inorganic  Bonded  Solid  Lubricant  Films,"  Proceeding 
of  the  Second  International  Conference  on  Solid  Lubrication,  ASLE,  1978. 

67.  Fusaro,  F.L.,  "Effect  of  Load,  Area  of  Contact,  and  Contact  Stress  on 
the  Tribological  Properties  of  Polylmide  Bonded  Graphite  Fluoride 
Films,"  Wear  of  Materials,  ASME,  1981,  p.  625. 

68.  Lancaster,  J.K,  "Lubrication  by  Transferred  Films  of  Solid  Lubricant," 
ASLE  Transactions,  8,  p.  146,  1965. 

69.  Murray,  S.F.  and  Peterson,  M.B.,  "Wear  of  Dry  Piston  Ring  Materials," 
MTI  Report  66TR52,  1966. 

70.  Abe,  W. ,  et  al.,  "Friction  and  Wear  Characteristics  of  Solid  Lubricant 
Embedded  Plain  Bearings  at  High  Temperature,"  Proceedings  of  Inter¬ 
national  Conference  on  Solid  Lubrication,  ASLE,  1971. 

71.  Frame,  E.A.,  "High-Temperature  Lubricants  for  Minimum-Cooled  Diesel 
Engines,"  Interim  Report  AFLRL  No.  171,  AD  A142426,  Nov.  1983. 

72.  "The  Adiabatic  Diesel  Engine,"  SAE  Special  Publication  -  543,  February 
1983. 

73.  "The  Adiabatic  Engine:  Past,  Present,  and  Future  Developments,"  SAE 
Progress  in  Technology  Series,  No.  28,  1984. 

74.  "Adiabatic  Engines:  Worldwide  Review,"  SAE  Special  Publication  -  571, 
February  1984. 

75.  "Advances  in  Adiabatic  Engines,"  SAE  Special  Publication  -6^0,  February 
1985. 


‘  d  • 

'  *  ^  Jl 


59 


76.  Stang,  J.H.  and  Johnson,  K.A.,  "Development  of  an  Adiabatic  Diesel  En¬ 
gine,"  Final  Report  No,  12268  by  Cummins  Engine  Co.,  Inc.,  for  U.S.  Army 
TACOM,  May  1977. 

77.  Kamo,  R.  and  Bryzlk,  W. ,  "Adiabatic  Turbocompound  Engine  Performance 
Prediction,"  SAE  Paper  780068,  1978. 

78.  Bryzik,  W. ,  "Adiabatic  Diesel  Engine,"  Research/Development,  p.  34-40, 
January  1978. 

79.  Kamo,  R.  and  Bryzik,  W. ,  "Cummlns-TARADCOM  Adiabatic  Turbocompound  En¬ 
gine  Program,"  SAE  Paper  810070,  1981. 

80.  Bryzik,  W.  and  Kamo,  R. ,  "TACOM/Cummins  Adiabatic  Engine  Program,"  SAE 
Paper  830314,  1983. 

81.  Radovanovic,  R. ,  Kamo,  R. ,  and  Dufrane,  K. ,  "Tribological  Investigations 
for  an  Insulated  Diesel  Engine,"  SAE  Paper  830319,  1983. 

82.  Toyama,  Kosuke,  et  al.,  "Heat  Insulated  Turbocompound  Engine,"  SAE  Paper 
831345,  1983. 

83.  Shimauchi,  T. ,  "Tribology  at  High  Temperature  for  Uncooled  Heat  Insu¬ 
lated  Engine,"  SAE  Paper  No.  840429,  1984, 

84.  Castor,  J.G.,  et  al.,  "Compound  Cycle  Turbin  Engine  Phase  II,  Develop¬ 
ment  of  Critical  Technologies,"  Final  Report  AFWAL-TR-81-2142,  by 
Garrett  Turbine  Engine  Co.  for  Aero  Propulsion  Lab,  Uright-Patterson 
AFB,  December  1981. 


DISTRIBUTION  LIST 


DEPARTMENT  OF  DEFENSE 


DEFENSE  SYSTEMS  MANAGEMENT 
COLLEGE  1 

OFFICE  OF  THE  COMMANDANT 
FORT  BELVOIR,  VA  22060-5191 

DEFENSE  DOCUMENTATION  CTR 
CAMERON  STATION  12 

ALEXANDRIA  VA  223 l<f 

DEPT.  OF  DEFENSE 

ATTN;  OASD  (A&L)  (MR  DYCKMAN)  1 

WASHINGTON  DC  20301-8000 

DOD 

ATTN:  DUSDRE  (RAT)  (Dr.  Dix)  1 

ATTN;  ROOM  3-D- 1089,  PENTAGON  1 

WASHINGTON  DC  20301 

DEFENSE  ADVANCED  RES  PR03 
AGENCY 

DEFENSE  SCIENCES  OFC  1 

1400  WILSON  BLVD 
ARLINGTON  VA  22209 


DEPARTMENT  OF  THE  ARMY 

HG,  DEPT  OF  ARMY 

ATTN;  DALO-TSE  (COL  BLISS)  1 

DAMA-ARZ-E  (DR  CHURCH)  1 

DAMA-ART  (LTC  RINEHART)  1 

WASHINGTON  DC  20310 

CDR 

U.S.  ARMY  BELVOIR  RESEARCH, 

DEVELOPMENT  AND  ENGINEERING 
CENTER 

ATTN;  STRBE-VF  10 

STRBE-WC  2 

FORT  BELVOIR  VA  22060-5606 

CDR 

US  ARMY  MATERIEL  DEVEL  & 


READINESS  COMMAND 
ATTN:  AMCLD  (DR  ODOM)  1 

AMCDE-SG  1 

AMCDE-SS  1 

AMCQA-E  1 

5001  EISENHOWER  AVE 


ALEXANDRIA  VA  22333-0001 


CDR 

US  ARMY  TANK-AUTOMOTIVE  CMD 
ATTN;  AMSTA-RG  (MR  WHEELOCK)  1 

AMSTA-G  1 

AMSTA-MTC  (MR  GAGLIO), 
AMSTA-MC,  AMSTA-MV  1 

AMSTA-UBP  (MR  MCCARTNEY)  1 

AMSTA-RC  1 

AMSTA-MLF  (MR  KELLER)  1 

WARREN  MI  48397-5000 

DIRECTOR 

US  ARMY  MATERIEL  SYSTEMS 
ANALYSIS  ACTIVITY 
ATTN:  AMXSY-CM  (MR  NIEMEYER)  1 

ABERDEEN  PROVING  GROUND  MD 
21005-5006 


DIRECTOR 

APPLIED  TECHNOLOGY  LAB 
U.S.  ARMY  R&T  LAB  (AVSCOM) 

ATTN:  SAVDL-ATL-ATP  (MR  MORROW)  1 
FORT  EUSTIS  VA  23604-5577 

DIRECTOR 

US  ARMY  MATERIEL  CMD 
MATERIEL  SUPPORT  ACTIVITY 
ATTN:  AMXTB-T  (MR  STOLARICK)  1 
FORT  LEWIS  WA  98433 

CDR 

US  ARMY  GENERAL  MATERIAL  & 
PETROLEUM  ACTIVITY 
ATTN:  STRGP-F  (MR  ASHBROOK)  1 
NEW  CUMBERLAND  PA  17070-5008 

CDR 

US  ARMY  ARMAMENT,  MUNITIONS,  AND 
CHEMICALS  COMMAND 
ATTN:  AMSAR-LEM  1 

ROCK  ISLAND  ARSENAL  IL  61299-6000 

CDR 

US  ARMY  COLD  REGION  TEST  CENTER 
ATTN:  STECR-TA  1 

APO  SEATTLE  98733 

HQ,  DEPT.  OF  ARMY 

ATTN:  DAEN-DRM  1 

WASHINGTON  DC  20310 


BFLRF  No.  189 
Page  1  of  4 


CDR 

US  ARMY  RES  <Sc  STDZN  GROUP 
(EUROPE) 

ATTN:  AMXSN-UK-RA  (DR  OERTEL)  I 
BOX  65 

FPO  NEW  YORK  09510 

CDR,  US  ARMY  AVIATION  R&D  CMD 
ATTN:  AMSAV-EP  (MR  EDWARDS)  1 
4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120-1798 

CDR 

US  ARMY  YUMA  PROVING  GROUND 
ATTN:  STEYP-MLS-M  (MR  DOEBBLER)  1 
YUMA  AZ  85364-9130 

PR03  MGR,  BRADLEY  FIGHTING 
VEHICLE  SYS 

ATTN:  AMCPM-FVS-M  1 

WARREN  MI  48397 

PROG  MGR,  Ml  13  FAMILY  OF  VEHICLES 
ATTN:  AMCPM-M113-T  1 

WARREN  MI  48090 

PROJ  MGR,  MOBILE  ELECTRIC  POWER 
ATTN:  AMCPM-MEP-TM  1 

7500  BACKLICK  ROAD 
SPRINGFIELD  VA  22150 


CDR 

THEATER  ARMY  MATERIAL  MGMT 
CENTER  (200TH)-DPGM 
DIRECTORATE  FOR  PETROL  MGMT 
ATTN:  AEAGD-MMC-PT-Q  1 

APONY  09052 

CDR 

US  ARMY  RESEARCH  OFC 
ATTN:  SLCRO-ZC  1 

SLCRO-EG  (DR  MANN)  1 

SLCRO-CB  1 

P  OBOX  12211 

RSCH  TRIANGLE  PARK  NC  27709-2211 

PROG  MGR,  TACTICAL  VEHICLE 
ATTN:  AMCPM-TV  1 

WARREN  MI  48397 


CDR 

US  ARMY  DEPOT  SYSTEMS  CMD 
ATTN:  AMSDS-RM-EFO  1 

CHAMBERSBURG  PA  17201 

CDR 

US  ARMY  WATERVLIET  ARSENAL 
ATTN;  SARWY-RDD  1 

WATERVLIET  NY  12189 

CDR 

US  ARMY  LEA 

ATTN:  DALO-LEP  1 

NEW  CUMBERLAND  ARMY  DEPOT 
NEW  CUMBERLAND  PA  17070 

PROJ  MGR,  LIGHT  ARMORED  VEHICLES 
ATTN:  AMCPM-LA-E  1 

WARREN  MI  48397 

CDR 

US  ARMY  FOREIGN  SCIENCE  &  TECH 

r'FMTFR 

ATTN:  AMXST-MT-1  1 

FEDERAL  BLDG 
CHARLOTTESVILLE  VA  22901 

CDR 

US  ARMY  MATERIEL  READINESS 
SUPPORT  ACTIVITY  (MRSA) 

ATTN;  AMXMD-MO  (MR  BROWN)  1 

LEXINGTON  KY  40511-5101 

PROJECT  MANAGER,  LIGHT  COMBAT 
VEHICLES 

ATTN:  AMCPM-LCV-TC  1 

WARREN,  MI  48397 

HQ,  US  ARMY  T&E  COMMAND 
ATTN:  AMSTE-TO-O  1 

ABERDEEN  PROVING  GROUND  MD 
21005-5006 

CDR,  US  ARMY  ARMAMENT  MUNITIONS 
&  CHEMICAL  COMMAND  ARMAMENT 
RESEARCH  Sc  DEVELOPMENT  CTR 
ATTN:  AMSMC-LC  1 

AMSMC-SC  1 

DOVER  NJ  07801-5001 


BFLRF  No.  189 
Page  2  of  4 


CDR,  US  ARMY  TROOP  SUPPORT 
COMMAND 

ATTN:  AMSTR-ME  1 

AMSTR-S  1 

4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120-1798 

CDR 

CONSTRUCTION  ENG  RSCH  LAB 
ATTN:  CERL-EM  1 

CERL-ZT  I 

CERL-EH  1 

P  O  BOX  4005 
CHAMPAIGN  IL  61820 

HQ 

US  ARMY  TRAINING  &  DOCTRINE  CMD 
ATTN:  ATCD-SL-5  (MA3  JONES)  1 

FORT  MONROE  VA  23651-5000 

DIRECTOR 

US  ARMY  RSCH  &  TECH  LAB 
(AVRADCOM) 

PROPULSION  LABORATORY 
ATTN:  SAVDL-PL-D  (MR  ACURIO)  1 

21000  BROOKPARK  ROAD 
CLEVELAND  OH  44135-3127 

PROJ  MGR,  PATRIOT  PROJ  OFFICE 
ATTN:  AMCPM-MD-T-C  1 

U.S.  ARMY  MISSILE  COMMAND 
REDSTONE  ARSENAL  AL  35898 

CDR 

US  ARMY  QUARTERMASTER  SCHOOL 
ATTN:  ATSM-CD  1 

FORT  LEE  VA  23801 

HQ,  US  ARMY  ARMOR  CENTER  AND 
FORT  KNOX 

ATTN:  ATSB-CD  1 

FORT  KNOX  KY  40121 

CDR 

US  ARMY  LOGISTICS  CTR 

ATTN:  ATCL-MS  (MR  A  MARSHALL)  1 

FORT  LEE  VA  23801-6000 


PROJECT  MANAGER 
PETROLEUM  <5c  WATER  LOGISTICS 
ATTN:  AMCPM-PWS  (LTC  FOSTER)  1 
4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120-1798 

CDR 

US  ARMY  FIELD  ARTILLERY  SCHOOL 
ATTN:  ATSF-CD  1 

FORT  SILL  OK  73503-5600 

CDR 

US  ARMY  ENGINEER  SCHOOL 
ATTN:  ATZA-TSM-G  1 

ATZA-CDM  1 

ATZA-CDD  1 

FORT  BELVOIR  VA  22060-5606 

CDR 

US  ARMY  INFANTRY  SCHOOL 

ATTN:  ATSH-CD-MS-M  1 

FORT  BENNING  GA  31905-5400 

CDR 

US  ARMY  MISSILE  CMD 
ATTN:  AMSMl-U  1 

AMSMI-RR  1 

AMSMI-S  1 

REDSTONE  ARSENAL  AL  35898-5242 

PROG  MGR,  TANK  SYSTEMS 
ATTN:  AMCPM-MIEI-SM  1 

AMCPM-M60  1 

WARREN  MI  48397 

CDR 

US  ARMY  ARMOR  &  ENGINEER  BOARD 
ATTN:  ATZK-AE-AR  1 

ATZK-AE-LT  1 

FORT  KNOX  KY  40121 


DEPARTMENT  OF  THE  NAVY 


CDR 

NAVAL  AIR  PROPULSION  CENTER 
ATTN:  PE-33  (MR  D'ORAZIO)  1 

PE-32  (MR  MANGIONE)  1 

P  O  BOX  7176 
TRENTON  NJ  06828 


BFLRF  No.  189 
Page  3  of  4 


CDR 

NAVAL  SEA  SYSTEMS  CMD 
ATTN:  CODE  05M4  (MR  R  LAYNE) 
WASHINGTON  DC  20362-5101 

CDR 

DAVID  TAYLOR  NAVAL  SHIP  R<5cD  CTR 
ATTN;  CODE  2830  (MR  BOSMAJIAN) 
CODE  2759  (MR  STRUCKO) 
CODE  2831 

ANNAPOLIS  MD  21402 
CDR 

NAVAL  SHIP  ENGINEERING  CENTER 
ATTN:  CODE  6764  (MR.  BOYLE) 
PHILADELPHIA  PA  19112 

JOINT  OIL  ANALYSIS  PROGRAM  - 
TECHNICAL  SUPPORT  CTR 
BLDG  780 

NAVAL  AIR  STATION 
PENSACOLA  FL  32508 

PROJ  MGR,  M60  TANK  DEVELOPMENT 
ATTN:  USMC-LNO 
US  ARMY  TANK-AUTOMOTIVE 
COMMAND  (TACOM) 

WARREN  MI  48397 

DEPARTMENT  OF  THE  NAVY 
HQ,  US  MARINE  CORPS 
ATTN:  LPP  (MAJ  LANG) 

LMM/2  (MAJ  PATTERSON) 
WASHINGTON  DC  20380 

CDR 

NAVAL  AIR  SYSTEMS  CMD 
ATTN:  CODE  53645  (MR  MEARNS) 
WASHINGTON  DC  20361 

CDR 

NAVAL  AIR  DEVELOPMENT  CTR 
ATTN:  CODE  60612 
WARMINSTER  PA  18974 

CDR 

NAVAL  RESEARCH  LABORATORY 
ATTN:  CODE  6170 
CODE  6180 

CODE  6110  (DR  HARVEY) 
WASHINGTON  DC  20375 


OFFICE  OF  THE  CHIEF  OF  NAVAL 
RESEARCH 

ATTN:  OCNR-126  (MR  ZIEM)  1 

ARLINGTON,  VA  22217-5000 


DEPARTMENT  OF  THE  AIR  FORCE 

CDR 

US  AIR  FORCE  WRIGHT  AERONAUTICAL 
LAB 

ATTN:  AFWAL/POSL  (MR  JONES)  1 

AFWAL/MLSE  (MR  MORRIS)  1 

WRIGHT-PATTERSON  AFB  OH  45433 

CDR 

SAN  ANTONIO  AIR  LOGISTICS 
CTR 

ATTN:  SAALC/SFT  (MR  MAKRIS)  1 

SAALC/MMPRR  I 

KELLY  AIR  FORCE  BASE  TX  78241 


OTHER  GOVERNMENT  AGENCIES 

^  US  DEPARTMENT  OF  ENERGY 

ATTN:  CE-151,  MR  ECKLUND  1 

FORREST AL  BLDG. 

1000  INDEPENDENCE  AVE,  SW 
WASHINGTON  DC  20585 

1 

1 


1 

I 

1 


BFLRF  No.  189 
Page  4  of  4 


one 


